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Abstract 
 
The transonic base-flow buffeting is an unsteady phenomenon during the ascent which 
produces high structural loads on the launcher propulsion system, especially on the nozzle. 
This phenomenon is a critical issue in the optimization of the future launch vehicles: in fact 
the attempts to improve the propulsive performances of the space vehicles are leading to 
the use of large area-ratio nozzles, which are more sensitive to the buffeting instabilities 
than the traditional ones. 
The purpose of this thesis is to perform preliminary investigations on the transonic 
buffeting of the Vulcain 2 nozzle, focusing in particular on the effects of this base-flow 
instability on the structure of this component.  
First of all, the Ariane 5 ECA (i.e. the launch vehicle on which is mounted the analysed 
nozzle) architecture and the Vulcain 2 engine have been described in Chapter 1. After a 
brief literature review on buffeting in Chapter 2 (useful also to derive the hypotheses and 
the data to be used as “references” for the models and the results of this thesis), the main 
procedures performed to obtain the different models (i.e. the fluid-dynamic and structural 
ones, carried out through STAR-CCM+® and ABAQUS® software respectively) have been 
detailed in Chapter 3. This last chapter lists also all the simplified assumptions considered 
in the realization of the previous models and in the “one-way” coupling process between 
the fluid-dynamic and the structural solvers. Then the results of the performed fluid-
structure analyses have been collected and broadly commented in Chapter 4. Using the 
data of this chapter, preliminary fatigue and fracture analyses on the structure have been 
performed in Chapter 5 while in Chapter 6 have been summarized all the obtained 
conclusions and have been suggested possible improvements and close examinations 
which could be completed in future works. Finally two appendixes details some aspects 
only quoted in Chapter 3: in particular Appendix A specifies the turbulence model and the 
corresponding parameters used in fluid-dynamic analyses while Appendix B suggests a 
method alternative to the one considered for the performed analyses (through the use of 
MATLAB® software) to extract the load history for the coupled structural analyses. 
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1. Introduction 
The aim of this chapter is to give an introduction to the context of this thesis, describing 
the launch vehicle - i.e. its architecture ([1] and [2]), its typical mission profile [3] and its 
loads ([1] and [4]) - and focusing in particular on the Vulcain 2 engine and its nozzle ([5] 
to [10]). 
 
1.1 Ariane 5 overview 
Ariane 5 is an expendable launch system that is operated by Arianespace as part of the 
Ariane programme. Astrium is the prime contractor for the vehicles and builds the rockets 
in Europe and Arianespace launches them from the Guiana Space Centre in French Guiana.  
Ariane 5 succeeded Ariane 4, but was not derived from it directly. Ariane 5 has been being 
refined since the first launch in successive versions, “G”, “G+”, “GS”, “ECA”, and most 
recently, “ES”; future developments are Ariane 5 “ME” and Ariane 6, whose launch is 
expected around 2021.Ariane 5 ECA (Evolution Cryotechnique type A) is the heavy-lift 
workhorse for missions to GTO. It uses an "E" ("Evolution") core stage, powered by an 
upgraded Vulcain 2 of 138 tons thrust, and an ESC-A upper stage. ESC-A is an upgraded 
Ariane 4 LOX/LH2 third stage with a 6.4 tons thrust HM7B engine. Slightly upgraded 
solid motors were also developed to power the "E" vehicles. 
Ariane 5 ECA can boost more than 10 tons to GTO. Ariane 5 ECA is an improved Ariane 
5 Generic launcher. Although it has the same general architecture, a number of major 
changes were made to the basic structure of the Ariane 5 generic version to increase thrust 
and enable it to carry heavier payloads into orbit.Ariane 5 ECA is powered during the 
initial flight phase by a cryogenic core stage and two solid rocket boosters, followed by the 
use of a cryogenic upper stage for orbital injection of the payload. Two satellites can be 
mounted using a SYLDA carrier (Système de Lancement Double Ariane). Three main 
satellites are possible depending on size using SPELTRA (Structure Porteuse Externe 
Lancement Triple Ariane). Up to eight secondary payloads, usually small experiment 
packages or minisatellites, can be carried with an ASAP (Ariane Structure for Auxiliary 
Payloads) platform. 
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1.2 Ariane 5 ECA architecture 
The launch vehicle is basically a two-stage-vehicle with solid strap-on boosters. It can be 
divided in a lower section, consisting of the main cryogenic core stage (EPC) and the two 
solid propellant boosters (EAP), and in a upper section, including the upper stage (ESC-A), 
the Vehicle Equipment Bay (VEB) and on top the payload adapters and fairing. 
 
 
 
 
 
 
 
 
 
 
 
HEIGHT 53 m 
DIAMETER 5.4 m 
LAUNCH MASS 777 t 
STAGE 1 EPC 
BOOSTERS 2 SRBs 
STAGE 2 ESC-A 
MASS TO LEO 21 t 
MASS TO GEO 10.5 t 
LAUNCH COST $ 120 M 
 
Table 1.1 - Main characteristics of the Ariane 5 ECA 
Fig. 1.1 - Ariane 5 ECA architecture 
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MAIN CRYOGENIC STAGE 
The Cryogenic H173 Main Stage of the Ariane 5 Rocket is called the EPC (Étage Principal 
Cryotechnique). It carries a propellant load of 132.27 metric tons of liquid oxygen and 
25.84 metric tons of liquid hydrogen to feed the Vulcain main engine stage while its dry 
mass is 12.2 metric tons. The LO2 tank is pressurized by gaseous Helium and the LH2 one 
by a part of gaseous hydrogen coming from the regenerative circuit. The stage has an 
overall length of 30.5 meters from the Vulcain main engine nozzle to the upper 
skirt. Engine ignition is accomplished with three pyrotechnic devices on the Ground 
Support Equipment side of the Launch Pad. The engine can be swivelled to control the 
launcher trajectory. Pitch and Yaw actuators move the engine to the correct position which 
is determined by the Flight Control System. Vulcain 2 burns for just under 600 seconds, 
providing up to 1.13 MN of thrust in vacuum. After completing its propulsive mission, the 
empty stage is commanded to re-enter the atmosphere for an ocean splashdown. 
 
SIZE ∅ 5.4 m x 23.8 m (without engine) 
DRY MASS 14700 kg 
STRUCTURE Aluminium alloy tanks 
PROPULSION Vulcain 2 
PROPELLANTS 170 t of LOX + LH2 
THRUST 960 kN (SL)  1390 kN (vacuum) 
ISP ~ 310 s (SL)    432 s (vacuum) 
FEED SYSTEM 
2 turbo-pumps driven by a gas 
generator 
PRESSURIZATION 
GHe for LOX tank and GH2 for 
LH2 tank 
COMBUSTION 
TIME 
540 s 
ATTITUDE 
CONTROL 
Pitch and yaw: gimbal joint      
Roll: 4 GH2 thrusters 
AVIONICS 
Flight control, flight termination, 
power distribution and telemetry 
subsystem, connected to VEB via 
data bus 
 
SOLID PROPELLANT BOOSTER  
Ariane 5 utilizes two solid rocket boosters (SRBs or EAPs from the French Étages 
d’Accélération à Poudre) P241, each weighing about 277 tons full. The booster stage solid 
 
               Table 1.2 - Characteristics of EPC        Fig. 1.2 – The EPC of the Ariane 5 ECA 
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rocket motor is made up of three segments: the 11.1-meter-long lower segment, which is 
loaded with 106.7 metric tons of propellant; the middle segment, with a length of 10.17 
meters and 107.4 metric tons of propellant; and the 3.5-meter-long upper segment, loaded 
with 23.4 metric tons of propellant. The boosters are ignited just after the Vulcain proper 
functioning checks and they are jettisoned when the On Board Computer (OBC) detects 
thrust tail-off.  
They deliver more than 90 percent of the launcher total thrust at the start of flight  
(each produce a thrust of about 6.2 MN) and burn for 130 s before being separated over a 
designated zone of the Atlantic Ocean, at an altitude of about 60 km. A propellant mix of 
68 % ammonium perchlorate (oxidizer), 18 % aluminum (fuel), and 14 % polybutadiene 
(binder) is used in the solid rocket motors. The flight control is provided by the boosters 
movable nozzles, which are driven by hydraulically-controlled servoactuators. 
 
 
CRYOGENIC UPPER STAGE 
The Cryogenic Upper Stage, called ESC (Étage Supérieur Cryotechnique type A) is 
powered by the HM7B engine that burns liquid hydrogen (LH2) and liquid oxygen (LO2) 
SIZE ∅ 3.05 m x 31.6 m 
STRUCTURE Stainless steel case 
PROPULSION Solid propellant motor (MPS) 
PROPELLANTS 
240 t of solid propellant per 
SRB 
MEAN THRUST 7000 kN (vacuum) 
ISP 274.5 s 
COMBUSTION 
TIME 
130 s 
ATTITUDE 
CONTROL 
Steerable nozzle 
AVIONICS 
Flight control, flight 
termination and telemetry 
subsystems, connected to VEB 
via data bus and autonomous 
telemetry 
                          Table 1.3 - Characteristics of EAP Fig. 1.3 - The EAP of the Ariane 5 ECA 
Introduction 
 
 
 
 
5 
 
  
stored in two fully separated tanks. The LO2 tank is pressurized by gaseous helium and the 
LH2 one by a part of gaseous hydrogen coming from the regenerative circuit. This reliable 
engine develops 67 kN maximum thrust in vacuum, and is turbo-pump-fed and 
regeneratively cooled. Its thrust chamber is fed by two pumps (liquid hydrogen and liquid 
oxygen) driven by a gas generator, a common turbine and a gearbox.  
During the powered flight, the attitude control in pitch and yaw is ensured by the 
gimballing of the nozzle and four GH2 thrusters are used for roll control. During the 
ballistic phase, roll, pitch and yaw control uses four clusters of three GH2 thrusters. Two 
GO2 thrusters are also implemented for longitudinal boosts. The engine shut down 
command is sent by the On Board Computer (OBC) when the launcher has reached a pre-
defined orbit or when the OBC detects a thrust tail-off on depletion. The main cryogenic 
stage (EPC) falls back into the Atlantic Ocean after separation, breaking up at an altitude 
between 80 and 60 km under the loads generated by atmospheric re-entry. 
 
 
 
SIZE ∅ 5.4 m x 4.711 m 
DRY MASS 4540 kg 
STRUCTURE 
Aluminium alloy 
tanks 
PROPULSION 
HM7B engine – 1 
chamber 
PROPELLANTS 
LOADED 
14.9 t of LOX + LH2 
THRUST 67 kN 
ISP 446 s 
FEED SYSTEM 
1 turbo-pump driven 
by a gas generator 
PRESSURIZATION 
GHe for LOX tank 
and GH2 for LH2 tank 
COMBUSTION TIME 945 s 
ATTITUDE 
CONTROL 
POWERED PHASE 
Pitch and yaw: gimbal 
joint    Roll: 4 GH2 
thrusters 
ATTITUDE 
CONTROL 
BALLISTIC PHASE 
Roll, pitch and yaw: 4 
clusters of 3 GH2 
thrusters    
Longitudinal boost: 2 
GO2 thrusters 
AVIONICS Guidance from VEB 
 
Table 1.4 - Characteristics of ESC-A 
 
Fig. 1.4 - ESC-A of Ariane 5 ECA 
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VEHICLE EQUIPMENT BAY 
The vehicle equipment bay (VEB) integrates the guidance, stage sequencing, telemetry, 
tracking and safety systems.  Two redundant ring laser gyroscopes are used for inertial 
reference and guidance during the orbital coast phases after the 2nd stage shutdown. It is 
located on top of the Main Cryogenic Stage and interfaces with the upper stage of the 
vehicle. The VEB is cylindrical in shape and can operate autonomously from launch to 
orbital insertion controlling all aspects of the vehicle including trajectory profiles and 
orientation. This element is joined to the lower frame of the Ariane 5 through an adaptation 
structure, the Cone 3936. 
 
PAYLOAD ADAPTERS 
Payload adapters ensure interfaces between the launcher and the payload. They house the 
equipment that is needed for spacecraft separation and ensure that the satellite or spacecraft 
is secured during powered flight. They consist in a conical or a cylindrical structure with 
an upper interface (∅ 937, 1194, 1663, 1666 and 2624 mm) compatible with the spacecraft 
and a bottom bolted interface (∅ 2624 mm) with the launcher. A variety of payload 
adapters is available to satellite customers in order to fit a large number of spacecraft 
dimensions and interfaces. 
 
FAIRING  
The payload fairing protects satellites or other spacecraft against aerodynamic, thermal and 
acoustic environments that the vehicle experiences during atmospheric flight. It consists of 
two large composite half shells (each comprising 10 panels) whose inside surfaces are 
covered with acoustic attenuation panels. When the launcher leaves the atmosphere, the 
fairing is jettisoned by pyrotechnically initiated systems. One system splits the fairing 
vertically, the other frees the two halves. Ariane 5 can be equipped with two different 
fairing designs, both with a diameter of 5.4 m, but with different overall lengths (12.7 m or 
17 m) and weights; for SYLDA configuration, the longer payload fairing is being installed 
on the vehicle. 
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1.3 Flight sequence  
The launch is carried out from the Guiana Space Centre (CSG), a European spaceport 
located in French Guiana, approximately 500 km north of the Equator, at a latitude of 
5°10'. At this latitude, the Earth's rotation gives a velocity of approximately 460 m/s when 
the launch trajectory heads eastward and the nearness to the Equator also makes satellites 
maneuvering for geosynchronous orbits simpler and less expensive.  
The launcher’s attitude and trajectory are totally controlled by two on board computers, 
located in the Ariane 5 vehicle equipment bay (VEB). Taking H0 as the basic time 
reference (1 s before the hydrogen valve of the EPC Vulcain 2 engine combustion chamber 
DIAMETER 5.4 m 
HEIGHT 12.7 m / 17 m 
STRUCTURE 
Two halves - Sandwich CFRP sheets and aluminium 
honeycomb core 
ACOUSTIC 
PROTECTION 
Foam sheets 
SEPARATION 
Horizontal and vertical separations by leak-proof pyrotechnical 
expanding tubes 
 
Table 1.5 - Characteristics of the fairing of the Ariane 5 ECA 
Fig. 1.5 - Production line of the fairing of the Ariane 5 ECA 
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opens), Vulcain 2 ignition occurs at H0 + 2.7 s. After the check of the nominal Vulcain 2 
operation, the on-board computer authorizes ignition of the two solid propellant boosters 
(EAP) at H0 + 7.05 s, leading to launcher lift-off. After a vertical ascent of about 5 s, the 
launcher executes a tilt operation in the trajectory plane, followed by a roll operation 5 s 
later to position the plane of the EAPs perpendicularly to the trajectory plane. The “EAP 
flight phase” continues at zero angle of incidence throughout atmospheric flight, up to the 
separation of the boosters. The purpose of these operations is to optimize the trajectory and 
maximize the performance in term of radio link budget with the ground stations, flight 
structural loading and attitude control constraints. The separation of the EAPs is triggered 
by an acceleration threshold detection and is done in 1 s. The fairing is released 
approximately one minute later when the aero-thermal flux becomes lower than a threshold 
(1135 W/m2 is the standard GTO value).  
The EPC shutdown occurs when the intermediate target orbit is reached and the separation 
of the ESC-A happens 6 s later. After this separation, the main stage is put in a flat spin 
mode by opening a lateral venting hole in the hydrogen tank in order to provide a re-entry 
and a splashdown in the Atlantic Ocean. The upper stage cut-off command occurs when 
the guidance algorithm detects the final target orbit and, after 2 s, the spacecraft begins to 
separate. After the spacecraft separation, the passivation sequence of the upper stage is 
realized by the orientation of the stage towards a safe direction with respect to the 
spacecraft orbits, the spinning of the stage up to 45 deg/s for stabilization purpose and the 
outgassing of the tanks through valves. 
 
1.3.1 Flight 212 
The purpose of this subparagraph is to analyze a typical flight sequence of the Ariane 5 in 
order to obtain numerical data on the flight altitude and on the velocity of the vehicle 
during the transonic phase. As a sample Flight 212, effectuated on February 7, 2013 [3], is 
considered a particular mission. The mission of Ariane 5 ECA was to put two 
communication satellites called Amazonas 3 and Azerspace/Africasat-1A into a low-
inclined geostationary orbit.  
The following table (Table 1.6 [3]) summarizes the main flight phases of this mission; to 
be noted, all the times are referred to the basic time H0 (defined in the previous paragraph).  
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Table 1.6 - Flight phases of the Ariane 5 during the Flight 212 mission 
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From Table 1.6 it can be found that the sonic condition takes place before the “EAP 
separation”; in particular, for this “sample” mission, 48.63 s after H0, at an altitude of 6650 
m and a velocity of 324.7 m/s. 
 
 
 
 
 
 
 
 
 Fig. 1.6 - Artistic representation of the flight phases of Flight 212 mission 
Table 1.6 (continued) 
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A Mach number M = 0.85, an altitude of 5000 m and different angles of attack will be 
considered in the computations in the next chapters. During the transonic phase lots of 
loads that occur through the entire atmospheric flight, reach their maxima: the most 
important ones are due to aerodynamic effects, such as gust and buffeting on the upper or 
rear part of the launcher as well as quasi-static loads due to wind and trajectory. These 
loads, such as those that occur during the entire atmospheric flight, will be better analyze 
in paragraph 1.5. 
 
1.4 Forces analysis 
• Forces at the lift-off 
During this phase, the only forces that have not negligible values are thrust and weight. On 
the assumptions of uniform ambient pressure pa and 1D approximation, the thrust is done 
by the following equation: 
𝐹 ≅  ?̇?𝑢𝑒 + (𝑝𝑒 − 𝑝𝑎)𝐴𝑒 
where ?̇? is the mass flow rate, ue is the exhaust velocity, 𝑝𝑒 is the exhaust pressure and 𝐴𝑒 
is the exit area of the nozzle. In this case, since the velocity is small, the aerodynamic 
forces (lift and drag) are insignificant, as can be seen by the application of the 
correspondent equations for their calculation: 
Lift (perpendicular to relative velocity vector)  𝐿 =  
1
2
 𝜌 𝑣2 𝐶𝐿 𝐴 
Drag (opposite to the relative velocity vector)  𝐷 =  
1
2
 𝜌 𝑣2 𝐶𝐷 𝐴 
where 𝜌 is the density of the fluid, v is the velocity of the object relative to the fluid, A is 
the cross- sectional area of the object and  𝐶𝐿 and  𝐶𝐷 the lift and drag coefficients 
respectively. 
• Forces during the powered flight  
In this phase, the vehicle is subjected to all the forces previously mentioned. It is important 
to note the weight, such as the other forces, is variable: in fact this force changes during the 
flight because the distance between the Earth and the rocket will increase (with a 
consequent decrease of the gravitational acceleration) but above all because the overall 
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rocket mass decreases, due to the fuel consumption. In the more general situation, the 
equation of the motion can be written in the following way: 
𝑚?̇? = 𝑭 + 𝑫 + 𝑳 + 𝑚𝒈          {
     𝑚?̇? = 𝐹 cos𝛼′ − 𝐷 − 𝑚𝑔 sin∅   (𝑒𝑉)
     𝑚?̇? = 𝐹 sin𝛼′ + 𝐿 − 𝑚𝑔 cos∅     (𝑒𝐿)
 
where the boldfaced letters denote vectorial quantities and the expressions in the bracket 
are the scalar projection of the equation of the motion along the unit velocity vector (𝑒𝑉) 
and the lift unit vector (𝑒𝐿); the angles 𝛼
′ and ∅ are shown in Fig. 1.7 (𝛼 is the angle of 
attack, ∅ is the flight angle and 𝛼′ is the steering angle): 
 
 
 
 
 
 
 
1.5 Loads analysis 
1.5.1 Mechanical environments 
During the preparation for a launch at the Guiana Space Center and then during the flight, 
the vehicle undergoes various mechanical, thermal and electromagnetic environments. This 
subparagraph describes the mechanical environments [1] that the launch vehicle is 
intended to withstand; all these excitements are referred to spacecraft base, i.e. to the 
adapter/spacecraft interface. 
 
     
  Fig. 1.7 - Representation of the angles used in the equation of the motion for powered flight 
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Static acceleration 
Fig. 1.8 shows a typical longitudinal static acceleration-time history for the launch vehicle 
during its ascent flight, considering also the load to which the spacecraft is exposed during 
the ground preparation. During the flight, the vehicle is exposed to static and dynamic 
loads that can be due to aerodynamic sources (e.g. wind, gusts or buffeting) or propulsion 
ones (e.g. longitudinal acceleration, thrust buildup or tail-off transients, or structure-
propulsion coupling, etc.). 
The highest longitudinal acceleration occurs at the end of the solid rocket boost phase and 
does not exceed 4.55 g. The highest lateral static acceleration may be up to 0.25 g.   
 
Sine-equivalent dynamics 
Sinusoidal excitements affect the vehicle during its powered flight, mainly the atmospheric 
flight, as well as during some of the transient phases. The envelope of the sinusoidal (or 
sine-equivalent) vibration levels at the spacecraft base does not exceed the values given in 
Fig. 1.9.                                            
Fig. 1.8 - Typical longitudinal static acceleration 
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Acoustic vibration 
On the ground, the noise level generated by the venting system does not exceed 94 dB. 
During the flight, acoustic pressure fluctuations under the fairing are generated by engine 
operation (plume impingement on the pad during lift-off) and by unsteady aerodynamic 
phenomena during the atmospheric flight (i.e. shock waves and turbulence inside the 
boundary layer), which are transmitted through the upper composite structures. Except the 
lift-off and transonic phase, acoustic levels are substantially lower than the values 
indicated in Fig. 1.10 (OASPL is the Overall Acoustic Sound Pressure Level). 
Fig. 1.10 - The envelope spectrum of the noise induced in the fairing during flight 
Fig. 1.9 - Sine excitation at spacecraft base 
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Random vibration 
Under 100 Hz, the random environment is covered by the sine-equivalent dynamics (Fig. 
1.9) while the random vibrations above 100 Hz are covered by the acoustic spectrum (Fig. 
1.10). 
Shocks 
The spacecraft is subjected to noticeable shocks during the following events: 
- the launch vehicle upper stage separation from the main cryogenic stage;  
- the fairing jettisoning;  
- the spacecraft separation.    
The shocks generated by the upper stage separation and the fairing jettison are propagated 
from their source to the base of the spacecraft through the vehicle structures; for these 
events, the envelope of the shock levels at the spacecraft interface is shown in Fig. 
1.11.The spacecraft separation shock is directly generated at the base of the spacecraft and 
its levels depend on the adapter type, since the interface diameter and the separation 
system have a direct impact.  
Fig. 1.11 - Envelope shock spectrum for various events 
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Static pressure under the fairing 
On the ground, after the encapsulation, the air velocity around the spacecraft due to the 
ventilation system is lower than 2 m/s within the fairing. During the flight, the payload 
compartment is vented through one-way vent doors insuring a low depressurization rate of 
the fairing compartment.  The static pressure evolution under the fairing is shown in Fig. 
1.12. The depressurization rate does not exceed 2.0 kPa/s for most of the time even if 
locally, at the time of maximum dynamic pressure (at ~ 50 s after H0), there is a less than 2 
s short period in which the depressurization rate can reach 4.5 kPa/s.  
 
1.5.2 Coupled load analysis (CLA) 
The launcher/spacecraft coupled loads analysis [4] is the process of calculating the loads 
caused by launch transients. The term “loads” refers to the set of internal forces, 
displacements and accelerations that characterize the structural response to the applied 
forces. Coupled loads analysis is performed to understand how the payload interacts 
dynamically with the launch vehicle during launch and ascent: in this way is possible to 
minimize the risks and maximize the probability of mission success. 
Fig. 1.12 - Variation of static pressure within payload volume 
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The most common events and physical load analyzed by coupled loads analyses are:  
• Stage(s) ignition and the following lift-off. These events may result in transient loads on 
the engines and their stage due to pressurization effects, stage(s) thrust transient, shocks 
induced by any environmental nozzle breakdown or instantaneous release of launcher/pad 
interface forces.  
• Blast waves which hit the launcher right after engine ignition and then the lift-off. The 
acoustic field (overpressures) around the launcher results from the interaction between the 
engine jets and the launch pad, with an excitation (0 - 40 Hz) applied to the whole launcher 
body that interacts with the primary modes of the vehicle. Loads can be significant on the 
spacecraft primary structure in both axial and transverse directions as waves are reflecting 
on the pad in the axial direction and coming from the jets exhaust ducts in the lateral 
direction. Most of the overpressures come from the EAP ignition, the contribution from the 
Vulcain 2 ignition being weak. Two types of overpressures occur: 
1. The ignition overpressure: this one results from a compression wave going up from 
the bottom of the launch pad directly; it generates longitudinal responses.  
2. The duct overpressure: this one results from the propagating wave coming from 
the launch pad exhaust ducts and which hits the launcher right after its lift-off; it 
generates lateral responses.    
 
 
 
 
 
 
 
 
 
Fig. 1.13 - Ariane 5 ECA blast waves 
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• Gust which hits the launcher during the atmospheric flight. The excitation is of a medium 
band transient nature and the load interacts with the primary modes and substructures 
coupling. Loads are usually insignificant in the longitudinal direction.  
• Buffeting phenomenon. Buffeting results from an unsteady air flow around the launcher. 
This excitation is of a wide band random nature and occurs during the atmospheric flight at 
any significant break of shape of the vehicle (e.g. around a fairing or a nozzle for instance). 
Its severity depends on the overall body form, the cruising Mach number and the angle of 
attack of the launcher. Loads on the spacecraft primary and secondary structures may be 
high, particularly in the transverse direction given the frequency range involved (10 - 40 
Hz) and the wide range of Mach and angle of attack values for the launcher. This load and 
its effect on the Vulcain 2 nozzle will be better analyze in chapter 2. 
• Boosters pressure oscillations. These load cases result from a harmonic coupling between 
combustion instabilities inside engine chamber and acoustic modes of the cavity; the 
frequency range involved is around 40 Hz. These oscillations may be very critical for the 
mechanical environment on the launcher and its payload, particularly because boosters 
usually provide most of the thrust in the early flight phase. The maximum pressure 
oscillation levels are obtained on the front and rear bulkheads of the EAP. These result in a 
longitudinal translational mode and a breathing mode for the first and second acoustic 
modes respectively, as can be seen in Fig. 1.14. For the first acoustic mode, pressure 
oscillations lead to thrust oscillations. Pressure oscillations lead to vibrations on the EAP 
stages and, through the connections, these oscillations are transmitted to the Ariane 5 ECA 
central body. Therefore it is necessary to implement an attenuation device to reduce the 
transmitted loads at the frequency of the excitation, working as a low pass filter. 
• Stage(s) separation. This load case results from the instantaneous release of both static 
and dynamic loads at the interface between the stages. The excitation is of a transient 
nature, with a wide band step-like function. The low frequency environment is 
reproducible from one mission analysis to another and the higher frequency responses may 
be only significant for spacecraft items of equipment (responses are located around 80 Hz).  
• Engine(s) cut-off(s) or chugging phenomenon. This event results in a wide band transient 
excitation applied to the whole engine. 
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Fig. 1.14 - 1st and 2nd acoustic mode on the EAP of the Ariane 5 ECA (from left to right) 
 
The loads previously described are typically the most severe load cases. Simulations may 
not be possible for some load cases where the excitation has not been characterized: in 
these cases their influence on the spacecraft dynamic environment may be taken into 
account though uncertainty factors or through fixed values. When these fixed values 
cannot even be used, then launcher qualification studies should demonstrate that the 
associated dynamic environment is sufficiently covered by other load cases. 
 
1.5.3 Flight phases and CLA standard load cases  
This subparagraph explains how the physical load cases previously presented are 
associated to different flight phases [4]. The Ariane 5 ECA flight can be divided into 5 
different phases (also called “flight events”), depicted in Fig. 1.15, for which all 
concomitant load cases are combined together: SRB ignition / Lift-off, Transonic, SRB 3rd 
acoustic mode, SRB end of flight and SRB jettisoning. For each standard phase, there is 
one or more load cases: for instance, the third phase “SRB 3rd acoustic mode” is made of 
one single “relevant” event which is the booster pressure oscillations of the 3rd acoustic 
mode (hence the name) while the “Transonic” phase combines “gusts” and “buffeting” 
oscillations.  
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As shown by qualification studies and flight processing, these load cases are the most 
dimensioning ones in terms of low frequency dynamic environment.  
SRB ignition – Lift-off. This event occurs at H0+7s. The major contributors to the payload 
dynamic environment are the blast waves induced by the SRB jets. Some other effects also 
occurring during this phase are thrust transient of the SRB, launcher/launch pad hyper-
static force release at lift-off and Vulcain 2 nozzle flow separation. 
Transonic. This phase occurs around H0+50s. Many load cases that occur during the whole 
atmospheric flight reach their maxima during this phase. The most important ones are due 
to aerodynamic effects, such as gust and buffeting on the upper or rear part of the launcher, 
as well as quasi-static loads due to wind and trajectory.  
Third acoustic mode event. This event occurs around H0+60s. It corresponds to the 
boosters internal pressure oscillations associated with the 3rd acoustic mode, as shown in 
Fig. 1.16. From Ariane 5 ECA qualification studies, the frequency for the lateral 
acceleration sine levels is about 60 Hz.  
SRB end of flight. This phase takes place between H0+70s and the SRB jettisoning. 
Combined to the important static longitudinal acceleration that reaches its maximum 
during this phase, some dynamic contributors occur as booster pressure oscillations (1st and 
Fig. 1.15 - Ariane 5 ECA flight phases and CLA standard load cases 
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2nd acoustic modes of the Fig. 1.14). The frequency range for the 1st mode is 17.5 - 25.3 Hz 
while the one for the 2nd acoustic mode is 37 - 48 Hz. The static lateral levels are not 
significant, except during the SRB thrust tail-off. 
SRB jettisoning. This event occurs around H0+140s. This load case consists of the 
instantaneous release of the SRB / EPC interface forces on connections. 
 
 
 
 
 
 
 
 
 
1.6 Vulcain 2 engine 
The intent of this paragraph is to give general informations on the Vulcain 2 engine [5], 
focusing in particular on the structure of its nozzle.  
The Vulcain 2 engine is an updated version of the Vulcain engine used for Ariane 5 
launchers before 2002; the differences between the two versions are shown in Fig. 1.17 [6]. 
As can be seen from Fig. 1.17, the new engine incorporates a number of improvements: the 
most notable are an increase of 10% in the mass of propellant available, as result of 
changing the fuel-oxidizer ratio of the engine in favor of more oxygen, and a change of the 
mixture ratio (REMP in the Fig. 1.17) from 5.35 to 6.1. Because of the higher density of 
Fig. 1.16 - 3rd acoustic mode on EAP of the Ariane 5 ECA 
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LOX, this variation in mixture ratio can accomplished without increasing the total volume 
of the propellant tanks. More oxygen increases both the mass ratio and the thrust: this 
normally decreases the exhaust velocity because the mean molecular weight of the exhaust 
increases. However in the Vulcain 2 engine other improvements mitigate this effect and in 
fact the exhaust velocity is faster, approximately 4000 m/s. The exhaust velocity is 
maintained by a higher expansion ratio - 60 compared with 45. The cooling of the longer 
nozzle is accomplished by the injection of the turbo-pump exhaust into the nozzle 
extension to create a film of cooler gas, protecting the walls from the hot exhaust. The re-
designed two stage turbo-pump for the oxygen line gives a 40% higher delivery rate and 
this, combined with an increase in throat area (Vulcain 2 throat diameter is about 274 mm), 
gives a higher thrust of 1349 kN, compared with 1140 kN for Vulcain.  
 
The Vulcain 2 is a gas-generator cycle rocket engine that provides 8% of Ariane’s thrust at 
liftoff – the rest is provided by the two EAPs. Turbo-pumps are used to feed the engine 
with propellants: the LOX Pump spins at 13600 rpm with a power of 3 MW, the LH2 
turbo-pump rotates at 34000 rpm with 12 MW of power. The propellants enter through 566 
coaxial injectors: LOX is injected through central injection elements while LH2 is injected 
laterally. These propellants are mainly atomised and mixed by shear forces generated by 
the velocity differences between LOX and LH2. In the combustion chamber [7], the mixed 
Fig. 1.17 - Comparison between Vulcain 1 and Vulcain 2  
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propellants are burned and accelerated up to sonic conditions. The combustion 
temperatures in the chamber reach almost 3250 °C and pressures are greater than 11 MPa. 
Combustion temperature control is achieved by a flow of LH2 in the cooling channels 
within the combustion chamber wall. This thin copper alloy wall, just 1.5mm thick, 
separates the combustion temperatures from the - 239 °C to - 150 °C LH2 cooling flow. 
The final acceleration of hot gases, up to supersonic velocities, is achieved by gas 
expansion in the nozzle extension. The engine can be swivelled to control the launcher's 
trajectory through pitch and yaw actuators steered by the flight control system. 
The combustion chamber and the injectors of Vulcain 2 are shown in Fig. 1.18 while in 
Table 1.7 are listed some characteristics of the propellant and of the fluid in the 
combustion chamber. 
 
 
The gas generator and the combustion chamber are both fitted with pyrotechnic devices on 
the Ground Support Equipment side of the launch pad. A separate solid propellant 
cartridge provides the gas pressure to star the turbo-pumps. The hydrogen and oxygen then 
enter the gas generator and the combustion chambers and are ignited; the propellant flow 
schematic of the Vulcain 2 engine is shown in Fig. 1.19 [8]. The engine is started 8 s 
Fig. 1.18 - The combustion chamber and the injectors assembly of the Vulcain 2 engine (from left to right) 
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before firing the boosters so that to allow checks before their irrevocable ignition of the 
EAPs. The engine can be stopped by closing the propellant valves. 
 
 
 
        
 
 
 
 
 
 
 
                                  
               Table 1.7 - Characteristics of the propellant and of the fluid in the combustion chamber 
 
 
 
 
 
 
 
 
 
Propellants LOX/LH2 
Propellant mass flow rate at combustion chamber inlet  
- LH2 
- LOX 
- Turbine exhaust gas (injected in nozzle) 
 
40.4 kg/s 
272.6 kg/s  
10.1 kg/s 
 
Combustion chamber inlet conditions  
- LH2 pressure 
- LH2 temperature 
- LOX pressure 
- LOX temperature 
 
18.45 MPa          
-237 °C          
15.6 MPa        
-176.5 °C 
 
Combustion chamber pressure 11.6 MPa 
Combustion chamber temperature 3250 °C 
Combustion chamber mass 909 kg 
Fig. 1.19 - Propellant flow schematic of the Vulcain 2 engine 
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As concerns the Vulcain 2 nozzle extension, it is 2.3 m tall and 2.1 m in diameter (exit 
section) and has approximately a weight of 400 kg. The nozzle extension was 
manufactured from a temperature-resistant nickel-chromium-based Inconel alloy. It is 
realized by Volvo Aero Corporation welding (TIG method) in the upper part square 
formed tubes (see Fig. 1.20 [9]) spirally wounded to form the nozzle contour, while the 
lower one is a skirt of a sheet metal with stiffening (see Fig. 1.21 from [10]). Fig.1.21 
shows the cooling system of the nozzle: the Turbine Exhaust Gases (TEG) are introduced 
into the nozzle for the cooling of the lower part (supersonic film cooling) and also for 
performance reasons (stabilization of shock separation line). The H2 used for the cooling of 
the upper part is then injected into the nozzle at a speciﬁc expansion ratio and used as a 
ﬁlm for the downstream part of the nozzle section. 
 
 
 
 
 
                         
 
 
 
     Fig. 1.20 - “Basic” structure of the upper part of the nozzle 
                       Fig. 1.21 - The cooling system on the Vulcain 2 nozzle 
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2. Literature review on buffeting 
This chapter focuses on the fluid-structure interaction studies done on the Vulcain 2 
nozzle, reviewing the main theoretical and experimental investigations carried out on 
phenomenon that principally affects this component: the buffeting. 
 
2.1 Introduction   
The necessity to increase the capabilities of rocket launchers has conducted to develop 
higher performance propulsion systems, using large area-ratio nozzles, such as the one of 
the Vulcain 2; however these ones are more sensitive to the base-flow buffeting than the 
traditional nozzles because of a longer nozzle length and the consequent larger momentum 
on the structure. The phenomenon of transonic buffeting has been identified as a crucial 
issue (ever since the first launch A501) in the optimization of launch vehicles, since it 
generates high structural loads on the launcher propulsion system. It is generated by the 
instability of the free shear layer of the central body below the central cryogenic engine 
(EPC) of the launcher: the shear layer oscillates and generates low frequency wall-pressure 
fluctuations in the reattachment region. This region is located on the nozzle, which is 
already subject to high pressure and thermal loads and therefore very sensitive to any 
additional unsteady loading: if this vortical flow generates frequencies approach the ones 
of the structural modes, the structural integrity cannot be longer guaranteed.  
 
2.2 Analytical models  
The models used to analyze the buffeting on the Ariane are based on the ones that permit 
to study the base flow. Analytical modelling for steady base flow has been researched for 
many years in the past for its importance to the design of aircraft. Baik and Zumwalt [11] 
have developed methods to analyse the flow in the annular base of a circular nacelle flying 
at subsonic speed but a supersonic exhaust jet. Their model is steady axisymmetric with 
real gas properties and temperature and used singularities for the inviscid subsonic airflow, 
the Chapman model to simulate viscous boundary layers and viscous jet mixing and the 
axisymmetric method of characteristics for the supersonic flow (see Fig. 2.1). 
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The results of this work is that the base pressure is influenced by different aspects: 
 Mach number of the jet. When it increases, the base pressure is lowered (Fig. 2.2). 
                       
                                       
 
 
 
 
 
 
 Boundary layer thickness. When it increases, the base pressure increases. 
 Jet nozzle deflection angle. When it increases, the base pressure increases. 
Fig. 2.2 - Jet Mach number influence to base pressure 
Fig. 2.3 - Base pressure influence to jet and shear layer envelope 
                                                                      Fig. 2.1 - Analytical model for base flow  
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  Jet shear layer. When the base pressure decreases, the jet shear layer envelope 
shrinks and come closer to the nozzle (Fig. 2.3).  
Similar results are obtained from studies with supersonic free stream and turbulent base 
flow on axisymmetric body (Dixon et al.); all these conclusions can be applied to the 
analyses of the Ariane 5 base flow buffeting. 
Wong et al. [12] explain the instabilities that characterize buffeting phenomenon through 
the Rossiter model (1964) on the acoustic and shear layer effects for cavity flow. The 
instability of the shear layer emanated from the edge of the central body of the launcher, 
known as Kelvin-Helmholtz instability, interacts with the upstream propagating acoustic 
waves, generated by the impingent of the vortices associated with the shear layer on the 
Vulcain engine nozzle. This interaction amplifies the instability of the shear layer resulting 
in the production of new vortices or oscillatory waves, with an amplitude increase in the 
shear layer excitation. In this way, the vortices or oscillatory waves and the acoustic 
disturbances form a feedback loop.  
Wong et al. model the base flow domain of the Ariane 5 with an equivalent one, similar to 
the one of the Rossiter theory, characterized by a rectangular cavity with the same L/D 
ratio as shown in Fig. 2.4. L is the distance of propagation of the shear layer from the edge 
of the central body EPC to the EPC nozzle downstream while D is the mean depth between 
the shear layer and the external solid surface of the Ariane 5 base structure (propulsion 
Fig. 2.4 - Ariane 5 ECA base flow buffeting model 
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module (PTM) and Vulcain nozzle). The L/D ratio for the Ariane 5 configuration is 
approximately 8.5. Fig. 2.4 shows the main acoustic waves induced by the shear layer 
instability; according to Tam and Block, the wave A’A’’ (highlighted in red) is the most 
important to excite the instability waves of the shear layer. 
 
2.3 Numerical and experimental investigations  
Several numerical and experimental studies have been performed in the years on the 
transonic buffeting phenomenon; for the purposes of this thesis, only four of them will be 
quoted in this paragraph.  
 
2.3.1 Deprés et al. investigations 
The studies of Deprés et al. [13] have shown the importance of the ratio between the 
nozzle length (L) and the body diameter (D) on the unsteady developing flow and on the 
resulting side-load effect. For L/D = 0.6 the flow field is governed by the large-scales 
vortices in the wake oscillating with a typical frequencies of 5-7 Hz and a peak at Mach 
number M = 0.8. Furthermore it is observed that for these small L/D shear layer 
reattachment occurs on the jet. For L/D = 1.2 the shear layer reattaches on the after-body 
near the end of the nozzle with a dominant frequencies of 13 -17 Hz: these frequencies are 
related to the convection of turbulent eddies in the separated shear layer.  
 
2.3.2 Wong et al. investigations 
Wong et al. [12] analyzed the wall pressure measurements obtained from more of 40 
pressure transducers distributed uniformly over Ariane 5 after-body (Fig. 2.5).  
The experimental data of this work are based on three different sources that are PHST 
wind tunnel in National Aerospace Laboratory (NLR), the T1500 wind tunnel in the 
Swedish Defence Research Agency (FOI) and the French National Aerospace Research 
Establishment (ONERA). These experiments were conducted on a scale model (1:76.5) of 
Ariane 5 with different free-stream Mach numbers ranging from 0.4 and 0.9 and at 
Reynolds number of 107. The base flow was fully turbulent and cold and pressurized 
nitrogen was taken as the exhaust gas through the nozzle and the two boosters.  
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The results of these investigations, obtained both for the complete configuration and for a 
“simplified” configuration (i.e. without Helium tanks in launcher after-body), have been 
provided important indications (like resonant frequencies) about the forces acting on the 
structure and were in good agreement with experimental data. The integrated forces from 
the experiments with a high fan speed at Mach number 0.7 and 0.8 are shown in Fig. 2.6; 
notice that Y axis points toward the booster while the Z axis is normal to the plane that 
contains the launcher and the two boosters. 
Fig. 2.5 - Position of the pressure transducers in the nozzle  
Fig. 2.6 - Integrated forces with jet at Mach 0.7 and Mach 0.8 (high fan speed) 
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The magnitudes of the integrated forces in the Y and Z directions agree with the 
prediction: the resonant frequencies measured at 6 - 7 Hz and 10 - 12 Hz for the first and 
second modes respectively are quite similar to the ones calculated with the Rossiter’s 
method. According to the documented flight data, the largest amplitude in the side load on 
the nozzle takes place at a frequency of around 10 Hz. Similar behaviour in the a case of 
low fan speed at Mach 0.8 is shown in Fig. 2.7. The sharp peaks of the integrated force at 
the resonant frequencies have been attenuated significantly.                                                                                                                                                                      
 
                                                                                                                                                              
 
 
 
 
 
The effect of no protuberance (without Helium tanks) is shown in Fig. 2.8: the peak in Y 
direction become sharp due to the increase of the cavity depth (previously partially 
occupied by the tanks). 
Fig. 2.7 - Integrated forces with jet at Mach 0.8 (low fan speed) 
    Fig. 2.8 - Integrated forces with no protuberance at Mach 0.8 
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2.3.3 Olsson investigations 
Olsson [14] studied the correlation between outer field pressure fluctuations and internal 
wall pressure in over-expanded Vulcain nozzle. The experiments were conducted on a 
scale model (1:28.5) of Ariane 5 in FOI wind tunnels HYP 500 and T1500. This model 
could be fitted with boosters (EAP), Helium sphere (SSHEL) and LBS box including fuel 
lines and cable gutter (see Fig. 2.9). 
 
 
 
 
 
 
 
 
 
Inside the nozzle there were 40 unsteady pressure sensors and 48 steady pressure sensors 
while on the external part of the model there were more than 200 pressure sensors (79 
unsteady and 132 steady). Runs were made at M = 0.5, 0.7 and 0.8 with a stagnation 
pressure of 110 kPa and a pressure ratios (i.e. the ratio between the pressure in the nozzle 
Pc and the external one Pa) of 1    (Pc/ Pa = 1 means no plume), 30, 60 and 100 (at Pc/ Pa = 
100 the nozzle is full flowing). 
The results for axisymmetric configuration (i.e. the one without SSHEL and LBS) showed 
a peak in the spectra of the unsteady pressure sensors centred around 250 Hz visible only at 
Mach number larger than 0.7. Fig. 2.10 shows a comparison of the spectra for five Mach 
numbers: at M = 0.5 no peak can be detected and the amplitude of this peak increase with 
Mach number but its frequency is almost constant. The measurements are done at two 
angles: Φ = 0° (i.e. the plane that intersects the central body and the EAPs) and Φ = 90°. 
Fig. 1.9 - Ariane 5 configuration in T1500 
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Fig. 2.10 - Spectra for axisymmetric configuration, Φ = 0° (top) and Φ = 90° (bottom), no plume 
 
After several investigations on the possible causes of this peak, it was concluded that the 
peak at 250 Hz for the axisymmetric configuration was a local phenomenon strongly 
correlated to the outer geometry of the nozzle. The peak at 250 Hz encountered for the 
axisymmetric case without plume was not seen for the 3D configuration. Fig. 2.11 shows 
the spectra for M = 0.5, 0.7 and 0.8 without plume for sensors located at the nozzle exit 
and at Φ = 0° and Φ = 5.75°. A peak can be seen at M = 0.5 but is not obvious for the other 
Mach numbers. With a nozzle pressure ratio of 30, peaks can be seen more clearly (see 
Fig. 2.12). With incipient separation (Pc/ Pa = 60) the peaks become even more pronounced 
which also is true for the full flowing nozzle (Pc/ Pa = 100, see Fig. 2.13). The peaks were 
most pronounced at M = 0.8: the variation of the peak with nozzle pressure ratio at this 
Mach number is shown in Fig. 2.14. 
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Fig. 2.11 - Spectra at nozzle exit (external sensor) at Φ = 0° (top) and Φ = 5.75° (bottom), no plume 
Fig. 2.12 - Spectra at nozzle exit (external sensor) at Φ = 0° (top) and Φ = 5.75° (bottom), Pc/ Pa = 30 
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Fig. 2.13 - Spectra at nozzle exit (external sensor) at Φ = 0° (top) and Φ = 5.75° (bottom), Pc/ Pa = 100 
 
Fig. 2.14 - Spectra at nozzle exit (external sensor) at Φ = 0° (top) and Φ = 5.75° (bottom), M = 0.8  
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Comparing the previous plots with the correspondent ones obtained from the internal 
sensors, Olsson showed the presence of a strong coupling between the external buffet and 
the separated flow in the nozzle at a frequency of about 350 Hz. However this peak was 
not uniformly distributed on the circumferential extension of the nozzle and reached the 
maximum value in a section slightly more aloft than the nozzle exit one. 
Fig. 2.15 shows the variation of the separation of the nozzle at Φ = 5° (similar plots were 
obtained at others angles); X is the axial coordinate from the throat section of the nozzle. It 
can be seen the dependency of shock position on the ratio between chamber and ambient 
pressure and how the reduction of the ambient pressure - and so in a real flight the increase 
of the altitude - moves the shock toward the nozzle exit. 
 
 
 
 
 
 
 
2.3.4 Lüdeke et al. investigations 
The work of Lüdeke et al. [15] is important for this thesis because it deals in fluid structure 
interaction (FSI) on the Ariane 5 nozzle, considering in particular the Vulcain 2 nozzle (the 
former studies considered the Vulcain nozzle); for this reason the results obtained in this 
study will used to validate the ones of the preliminary study carried out in this thesis work. 
The study of Lüdeke et al. has been the first one to simulate the unsteady turbulent flow 
field of the whole launcher configuration and the interaction with a nozzle structure 
simultaneously. 
Fig. 2.15 - Shock position in the nozzle with steady pressure sensors for varying pressure ratios 
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It used the Detached-Eddy Simulation (DES) as turbulence model: this is a hybrid 
technique, proposed by Spalart et al. (2001), which combines the best features of 
Reynolds-Averaged Navier-Stokes (RANS) and of the Large Eddy Simulation (LES) for 
the computation of realistic configurations at high Reynolds numbers. The simulations 
were done in transonic wind tunnel conditions, i.e. the more critical for buffeting 
phenomenon: the typical Mach number field for this configuration, including nozzle flow 
and plume, is shown in Fig. 2.16. 
 
 
 
 
 
 
 
 
The fluid-dynamic computations for this study were performed by the hybrid 
structured/unstructured DLR Navier-Stokes Solver τ, which is a solver for the Euler and 
Navier-Stokes equations in the integral form. The results obtained from the DES 
simulations were compared with the experimental data of the FFA T1500 wind tunnel of 
FOI; the model used in the wind tunnel was a complete configuration, including Helium 
shell, connectors between boosters and main body and other details (Fig. 2.17).  
   
 
 
 
 
 
Fig. 2.17 - Wind tunnel model for buffeting forces measurements 
Fig. 2.16 - Mach number contours of the Ariane 5 launcher used in Lüdeke simulations (M∞ = 0.8) 
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The next step was that to realize a FEM model of the nozzle structure (provided by EADS-
ST) and done the structural computations: these ones were carried out by the commercial 
tool ANSYS and the coupling process was realized using the interpolation routines 
(between structural and aerodynamic grid) of the Technical University Braunschweig and 
the software Visualization Tool Kit (VTK). The flux diagram of the coupling procedure 
used in the Lüdeke’s work is shown in Fig. 2.18. 
 
 
 
 
 
 
The CFD grid is an unstructured tetrahedral one with 6∙106 nodes totally and a greater 
density in the nozzle region and around the Helium tank (Fig. 2.19). 
Fig. 2.18 - Flux scheme of the coupling procedure 
Fig. 2.19 - Symmetry plane of the Ariane 5 grid with Vulcain 2 nozzle and cut outs of the nozzle section 
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As concerns the Vulcain 2 nozzle geometry, a simplified model - with its main part, i.e. 
tube wall, Turbine Exhaust Gases (TEG) and the outskirt - was used in the simulation. The 
material properties of the simplified nozzle were modified in order to show the same 
natural frequencies and modes according to the original structural description of EADS-
ST. The elements used in ANSYS for this configuration were shell elements for the 
structure and outskirt stiffeners and beam elements for the tube wall stiffeners. The mesh 
exchanged with the flow solver contains only the shell elements and therefore the stiffeners 
are just modelled in the structural part. The ANSYS mesh (8640 nodes and 9063 elements) 
is shown in Fig. 2.20. 
 
 
 
 
 
 
 
 
The simulations were done using the following hypotheses: Mach number equal to 0.8, 
Reynolds number equal to 25∙106, perfect gas (also inside of the nozzle since the 
experiments used high pressure nitrogen for the jets), nozzle inflow plane temperature of 
400 K and chamber pressure equal to 11.7 MPa. After had been obtained the solution for 
the full configuration at M = 0.8, the fluid structure coupling has been realized starting the 
transient simulation, using a physical time-step of 4 ms for about 7 s. 
DES results of the launcher are shown in Fig. 2.21: in this picture is clearly visible the flow 
structures on the central nozzle - produced by the vortical flow-field generated by the rear 
Fig. 2.20 - Top (from left to right): ANSYS structural grid and the one for the structural coupling of the Vulcain 2 nozzle.       
Bottom: 2nd modes of the respective structures 
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junctions between the central body and the boosters - and the effect of the tubing 
connection box on the flow. The position of the maximum pressure is a direct consequence 
of the displacement of the wake vortex separating at the edge of the central body. Another 
important aspect is the influence of the helium shell on the flow-field: this component 
produce a shading effect on the pressure fluctuations in the region where it is located and 
numerical simulations without this sphere show stronger unsteadiness. It has a direct effect 
on the nozzle: in fact, while in the part without sphere the unsteady flow produced by the 
gap between the booster and the central stage can directly hit the nozzle, this mechanism is 
blocked by the shell on the opposite side. 
 
 
 
 
            
For a comparison with experimental data, statistical ones were extracted from unsteady 
simulations in conjunction with the standard deviation of the pressure coefficient Cp, called 
σCp, which is the Root Mean Square (RMS) value of Cp (Fig. 2.22 and Fig. 2.23). 
 
 
Fig. 2.21 - Snapshot of Cp contours and instantaneous stream traces in the nozzle region 
Fig. 2.22 - Averaged Cp contours of the configuration and averaged stream traces 
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Also the nozzle ring (the TEG) influences the flow in this region with respect to the 
impingement position of the shear layer. The fluid-dynamic results obtained from this 
numerical analyses were in good agreement with the experimental tests. As concerns the 
fluid structure coupling analysis, a time-step of 2 ms was used and the upper circle of the 
nozzle structure is fixed while the outflow part was kept free for any deformation. The 
results of this analysis are shown in Fig. 2.24 (the dimensionless time is scaled by the inner 
nozzle diameter and the launcher velocity): the absolute deformation of the nozzle with an 
outlet diameter of 2 m is in the order of 3 mm in amplitude. 
The resonant frequency of the structure found by these analyses is the range of 30 Hz. The 
harmonic movement of the ovalization modes is superimposed by additional modes with 
similar frequencies that produce a rotation of the minima and maxima of the deformation. 
Fig. 2.23 - RMS values of unsteady Cp distribution of the configuration 
Fig. 2.24 - Deformation of the Vulcain 2 nozzle at three dimensionless time, 30 times exaggerated view 
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2.4 Methods for buffeting reduction  
Many studies have been conducted to better understand how the buffeting loads are being 
generated and how to reduce them. A research conducted at Delft University by F.F.J. 
Schrijer et al. [16] demonstrate the utility of flow control devices in order to reduce the 
transonic buffeting problem, proposing two possible approaches. The most simple is by 
adding a skirt to the base of the vehicle so that the separation location is moved further 
downstream and no longer impinges on the nozzle surface. However in this solution the 
shear layer impinges on the hot exhaust flow coming from the nozzle, producing the 
ingestion of this one into the separated region at the base of the rocket and leading to 
structural problem related to thermal loading in this zone. An alternative approach is by 
adding flow control devices that modify the frequency content of the shear layer, reducing 
the energy contained within the frequencies that resonate with the structural modes: this 
can be done with chevrons - located at the base of the launcher - that generate stream-wise 
vortices which interact with the large span-wise vortices present in the shear layer, 
breaking down them into small- scale vortices (Fig. 2.25). 
 
Fig. 2.25 - Chevron configurations on a supersonic splitter plate (iso-density surfaces) 
 
From statistical analysis it is found that the presence of chevrons produce, in comparison to 
the clean configuration, an increase of the maximum backflow velocity in the separated 
region and a downstream shift of the reattachment location. Furthermore the size of the 
chevron devices influences the oscillation amplitude and the back-flow magnitude: in 
particular smaller chevrons reduce the oscillating behaviour. 
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3. Modelling  
This chapter provides a description of the different models used in this thesis: first of all 
the Ariane 5 ECA geometry has been modelled on a CAD software and then the whole 
model obtained has been imported in the CFD software in order to resolve the entire fluid-
dynamic field. At the end an equivalent geometric model of the Vulcain 2 nozzle - with the 
same external envelope of the one used in fluid-dynamic computation - has been imported 
in the FEM software for the structural analysis and, using the data from the CFD software, 
for the fluid-structure coupling. 
 
3.1 CAD models 
The geometric models have been obtained using the 3D mechanical CAD software CATIA 
V5R18. The dimensions and the general features of the different components of the Ariane 
5 ECA geometry were taken from the user’s manual of the launcher while the information 
about the geometric model of the nozzle was derived from brochures and photos of the 
EADS-ST and Volvo Aero Corporation. Several simplifications have been done on the 
whole launcher geometry in order to eliminate useless details that could compromise the 
good operation of the CFD simulation. For this purpose, it has been decided to realize the 
smallest possible number of components to assemble: for instance Fig. 3.1 shows the 
booster that was realized as a unique element with the anterior junction that links it to the 
central body.  
 
 
 
 
 
 
 
 
Fig. 3.1 - CAD model of the booster (EAP) 
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Also the junctions have been simplified respect to the real ones, in order to make 
symmetric the whole assembly: Fig. 3.2 shows the anterior ones and the rear ones (Fig. 
3.3) - these last in the reality present another beam, arranged in an asymmetric way (Fig. 
3.4 from [17]), from each side, in order to make the whole assembly hyperstatic. 
 
 
Fig. 3.3 - CAD model of the rear junctions 
 
 
 
 
 
 
 
Fig. 3.2 - CAD model of the anterior junctions 
Fig. 3.4 - Real arrangement of the rear junctions in the Ariane 5 ECA 
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Fig. 3.5 and Fig. 3.6 show the geometric model of the central body and the particulars of 
the region of the Vulcain 2 nozzle respectively: all the elements that complicate the 
aerodynamic field - such as the previously described real configuration of the rear 
junctions, but also the Helium tanks and the tubing connection box on the central stage (see 
Fig. 2.19) - have not been considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 - CAD model of the central body 
Fig. 3.6 - Particular of the region of the Vulcain 2 nozzle 
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The assembly of the components previously described is shown in Fig. 3.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As concerns the Vulcain 2 nozzle, the real model has been described extensively already in 
chapter 1. For the purposes of the preliminary analysis carried out in this thesis (since no 
detailed description of this nozzle was available) it has been considered an equivalent 
structure (with an equivalent material) calibrated in order to show the same modes of the 
original one, provided by Lüdeke [15]. The torus TEG has been simplified and the tubular 
structure - that actually constitutes only the upper part of the nozzle - has been extended to 
the whole length of the nozzle and has an axial development (while it is actually spirally 
wrapped): in this way, the stiffness associated to the outskirt stiffening of the lower part 
has been “smeared” on equivalent configuration with the same global dimensions of the 
real one.  The final structure obtained, that has the same weight of the original one 
(approximately 400 kg), is shown in Fig. 3.8; Fig. 3.9 shows the particular of the inner 
structure of this model. 
Fig. 3.7 - CAD assembly of the Ariane 5 ECA 
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In order to obtain the pressures inside the nozzle, it has also been necessary the modelling 
of the Vulcain 2 engine: its envelope in correspondence with the nozzle extension follows 
the external one - in this way the equivalent model of the nozzle has a thickness of 7 mm - 
and the dimension of the throat section respects the real one (Fig. 3.10).  
  Fig. 3.8 - CAD model of the Vulcain 2 nozzle for the FEM analyses 
      Fig. 3.9 - Detail of the equivalent structure of the Vulcain 2 nozzle 
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3.2 CFD models 
This phase has been the most critical of the whole thesis. Although we had the possibility 
to run the simulation on an Intel® Core™ i7 with 8 logical processors and 64 GB of RAM, 
after several attempts to simulate the complete flow (i.e. the external flow field, 
considering the plumes produced by the engines), we got to the conclusion that the 
available computational resources were insufficient for this purpose. Therefore it has been 
decided to simulate separately the external fluid-dynamic of the whole launcher and the 
internal flow field of the Vulcain 2 engine: this forced choice, that surely decreases the 
accuracy of the results from a fluid-dynamic point of view, doesn’t influence with the same 
importance the pressures on the nozzle as it has been verified from the comparison with the 
data obtained by M. V. Jiménez Gonzalez [18] on a complete simulation of the Ariane 5 
ECA half-model. Both in CAD models and in CFD models the reference system has been a 
crucial aspect: in fact, in order to guarantee the correct exportation of the fluid-dynamic 
loads from the CFD solver to the FEM software, it has been necessary to report all the 
models to a unique reference system. Another important aspect concerns the simulation of 
the whole model, although the symmetry allows studying only half a model. It has been 
necessary the analysis of the entire model due to the impossibility of the CFD software to 
duplicate the pressure and shear stress fields obtained on half structure (this in the case of 
zero value of the attack angle and the consequent symmetrical flow) and therefore the FEM 
coupled analyses of the overall Vulcain 2 nozzle structure. 
 
Fig. 3.10 - CAD model of the Vulcain 2 combustion chamber 
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The software used for CFD computations is STAR-CCM+ (release 6.04.014), a 
commercial solver developed by CD-Adapco [19]. STAR-CCM+ uses an “Algebraic 
MultiGrid Semi-Implicit Method for Pressure-Linked Equations” (AMG SIMPLE) solver 
when solving the discretized linear system iteratively. The software has also a semi-
automatic meshing tool for the generation of both surface and volume mesh - on the basis 
of the user’s inputs - and can automatically wrap the surfaces, in order to ensure a 
complete closed model. 
STAR-CCM+ offers not only tetrahedral, wedges, and bricks but also general polyhedral 
volume mesh. The difference among these mesh types is strictly due to the geometry and is 
primarily related to the quality of the cell shape and the number of neighbours available to 
compute the deformation gradients (strains); of course these features influence several 
aspects, such as the grid quality, the computational times and the accuracy of the solution. 
In general the refinement of the mesh increases the precision of the solution but also the 
memory used and therefore the computational time.  
The volume mesh type used in this thesis is a polyhedral one: it provides a balanced 
solution for complex mesh generation problems and is relatively easy and efficient to 
build, requiring no more surface preparation than the equivalent tetrahedral mesh. It also 
contains approximately five times fewer cells than a tetrahedral mesh for a given starting 
surface. In STAR-CCM+, a special ambivalent scheme is used to create the polyhedral 
mesh based on an underlying tetrahedral mesh, which is automatically created as a part of 
the process. The polyhedral cells created typically have an average of 14 cell faces; an 
example of polyhedral core mesh is shown in Fig. 3.11. 
 
 
 
 
 
 
 
Polyhedral meshes can be generated in conjunction with prism layer mesh: this model 
produces prismatic cell layers near wall boundaries and it has been useful in this thesis to 
simulate the presence of the boundary layer on the surfaces of the model. 
Fig. 3.11 - Example of polyhedral core mesh 
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3.2.1 CFD model of Ariane 5 ECA 
The CAD assembly of the Ariane 5 ECA has been imported in CFD solver using .stp file 
format and then the external control volume has been created in STAR-CCM+ and 
assembled to it. The external control volume is a cylinder with the axis coincident with the 
one of the central body; it has a diameter of 110 m and it extends for 125 m above the 
extremity of the fairing and for 300 m under the exit section of the Vulcain 2 nozzle (Fig. 
3.12).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Then the command Extract external volume in 3D-CAD Models section has allowed to 
subtract the Ariane 5 ECA volumes from the external control volume; at the end of this 
operation, the initial “positive” volume of the launcher has been eliminated. From the body 
obtained, it has been created a part and this has been split in several surfaces (using the 
command Split by patch), in order to permit the calculation of forces, pressures, etc. in 
different zones of the launcher. After having renamed correctly each surface, it has been 
created a region (through the command Parts  Assign parts to regions): this is a volume 
                 Fig. 3.12 - Snapshot of the external control volume in STAR-CCM+ 
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domain that is completely surrounded by boundaries and is discretized by a conformal 
mesh. Therefore a Physic Continuum and a Mesh Continuum (named “Air” and “Mesh” 
respectively in Fig. 3.13) have been associated to the created region. 
 
  
 
 
 
 
 
 
 
 
 
 
The following step has been the assignment of the different boundary conditions to the 
surfaces previously created. Several boundary types are available in STAR-CCM+; the 
ones that have been used in CFD model of the Ariane 5 ECA are: 
 Free-stream, used for the boundary of the external volume, except its rear side. 
 Pressure outlet, used for the rear side of the external volume. 
 Wall, applied on the impermeable surface of the launcher. 
Before the generation of the mesh, other two operations have been performed: the 
definition of the meshing model and of the user’s inputs for the Mesh Continuum and the 
selection of the physic model and of the correlated parameters for the Physic Continuum.  
As concerns the Mesh Continuum, the models that have been selected are the Surface 
Remesher, the Prism Layer Mesher and the Polyhedral Mesher. The Surface Remesher is 
used to re-triangulate an existing surface in order to improve the overall quality of the 
surface and optimize it for the volume mesh models. The user’s input parameters are 
Fig. 3.13 - Snapshot of STAR-CCM+ during the creation of the external region 
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shown in Fig. 3.14; these have been defined both for the overall model and for each 
existing surface in the region previously defined. 
 
 
 
 
 
 
 
 
 
 
 
 
Without getting into useless details, the choices done for these parameters can be 
summarized in the following list: 
 Base size. The global base size has been considered equal to 1 m: this value has 
been essentially used to define the target size of the external volume surfaces. The 
definition of the mesh values for each “solid” surface requires two inputs: the 
absolute minimum size and the absolute target size. The first has been imposed 
equal to a value from 0.01 m to 0.05 m for more complex or “interesting” elements 
(nozzles, rings, junctions, etc.) and a value from 0.08 m to 0.2 m for the other 
regions. The second has been imposed equal to a value from 0.05 m to 0.08 m for 
more complex elements while values from 0.1 m to 0.5 m have been used for the 
other regions.  
 CAD projection: enabled. 
 Number of prism layer: equal to 10. This option has been disabled for all the 
surfaces that don’t require the presence of a boundary layer, such as the ones of the 
external volume and on the exits of the engines. 
 Prism layer stretching: equal to 1.5. 
 Absolute size of the prism layer thickness: equal to 0.2 m. 
Fig. 3.14 - Snapshot of the input parameters for the mesh in STAR-CCM+ 
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 Default values for the Surface Curvature and the Surface Size. 
As concerns the Physic Continuum, it represent a single substance that is present in all the 
regions in which it is applied; the models chosen are the following: 
 Three dimensional as space model. 
 Steady/Unsteady as time model (according to the type of simulation performed). 
 Cell quality remediation.  
 Gas as material model. 
 Ideal gas as equation of state model. 
 Coupled flow as flow model. 
 Turbulent viscous regime as viscous regime model. 
 K-Epsilon turbulence as Reynolds-Averaged turbulence model. 
The cell quality remediation model is used to force the solution on poor quality mesh: in 
fact it identifies poor quality cells, on the basis of predefined criteria such as a threshold 
for the skewness angle, and modified the computed gradients in these cells in order to 
improve the robustness of the solution.  
 
 
 
 
 
 
 
 
 
 
 
The properties of the air, except the molecular weight (for which was used the default 
value of 28.9664 kg/kmol), were chosen from the data available on the Standard 
Fig. 3.15 - Snapshot of the air properties and the initial conditions in STAR-CCM+ 
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Atmosphere Table on the basis of the altitude of 5000 m considered in the simulations. 
Also the initial conditions (Fig. 3.15) and the ones for the free stream and pressure outlet 
boundaries (i.e. pressure, temperature, turbulent parameters and Mach number) have been 
chosen on the basis of the flight data used in the simulation. A detailed description of the 
K-Epsilon turbulence model will be given in Appendix A; the turbulent parameters (i.e. the 
turbulent kinetic energy K and the turbulent dissipation rate ε) are required for the Physic 
Continuum initial conditions and for free stream and pressure outlet boundary types of the 
external control volume. For the CFD model of the Ariane 5 ECA, the default values of 
0.001 J/kg and 0.1 J/ kg∙s for K and ε have been used respectively.                         
At the end of the procedures previously described, the mesh has been generated using the 
commands Initialize meshing and Generate volume mesh; for the visualization of the 
resultant mesh, a scene has been created through the command New scene  mesh. The 
mesh produced is shown in Fig. 3.16 to Fig. 3.18: these pictures have been obtained using 
the command Derived part  New part  Section  Plane to cut the mesh on the 
symmetry plane of the assembly.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 3.16 - Snapshot of section view of the mesh 
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Fig. 3.17 and Fig. 3.18 show the details of a cut of the volume mesh in correspondence of 
the anterior junctions and of the rear region; it can be seen easily the prism layer on the 
surfaces and how the surface mesh influences the volume mesh - denser is the first, greater 
is the number of cells that constitutes the second. 
 
 
 
 
 
 
 
 
 
 Fig. 3.17 - Detail of the mesh near the anterior junctions 
Fig. 3.18 - Detail of the mesh on the rear region of the Ariane 5 ECA model 
Modelling  
 
 
 
 
56 
 
  
 Fig. 3.19 shows the surface mesh of the Vulcain 2 nozzle equivalent model. 
                                                       
 
 
 
 
 
 
 
 
 
 
The command Mesh  diagnostics has assured the validity of the generated mesh, 
composed of about 7∙106 cells. 
 
3.2.2 CFD model of Vulcain 2 engine 
The procedures used in this case are quite similar to the ones adopted in the previous 
subparagraph: for this reason, a quicker explanation will be given for this CFD model. 
The CAD part of Vulcain 2 engine, converted in .stp file format, has been imported in 
STAR-CCM+. From the body obtained, it has been created a part and this has been split in 
several surfaces (using the command Split by patch), in order to permit the calculation of 
forces, pressures, etc. in different zones of the engine, in particular on the nozzle extension. 
After having renamed correctly each surface, it has been created a region (through the 
command Parts  Assign parts to regions) and a Physic Continuum and a Mesh 
Continuum (named “Gas” and “Mesh Vulcain 2” respectively in Fig. 3.20) have been 
associated to the created region. Fig. 3.20 shows the boundary types that have been 
selected for this model: free stream for the inlet section, pressure outlet for the exit section 
and wall for the other boundaries. 
Fig. 3.19 - Surface mesh of the Vulcain 2 nozzle equivalent model 
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As concerns the Mesh Continuum, the same models used for the one of the external control 
volume have been considered. The only differences are in the Base Size, in the Absolute 
Minimum Size and in the Absolute Target Size: the first has been considered equal to 0.05 
m, the second equal to 0.01 m and the third equal to 0.03 m.  
Also for the Physic Continuum, the models selected have been the same of the external 
control volume. The chemical analysis of the combustion products overcomes the purposes 
of this work; for this reason, a simplified approach has been chosen by selecting as gas one 
having the properties of the air at the combustion temperature (3250 °C). In particular, the 
following values have been selected for the input properties required by STAR-CCM+ to 
define this fluid: 
 Dynamic viscosity: 1 ∙ 10- 4 Pa ∙ s 
 Molecular weight: 28.9664 kg/kmol 
 Specific heat: 1250 J/ (kg ∙ K) 
 Thermal conductivity: 0.55 W/ (m ∙ K) 
 Turbulent Prandtl number: 0.25 
The reference pressure has been considered equal to the combustion pressure (about 11.1 
MPa). The values that have been used to define the initial conditions are listed below: 
Fig. 3.20 - Snapshot of STAR-CCM+ during the creation of the Vulcain 2 engine region 
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 Constant pressure, equal to about 11.1 MPa. 
 Constant static temperature, equal to 3523.15 K (i.e. 3250 °C). 
 Turbulent dissipation rate ε equal to 407.74 J/ kg∙s. 
 Turbulent kinetic energy K equal to 29.85 J/ kg. 
 Velocity equal to 232 m/s in the axial direction. 
As can be seen, the pressure and the temperature are the ones present in a real Vulcain 2 
engine. The velocity has been calculated considering a Mach number in the combustion 
chamber equal to M = 0.2. The formulas used to calculate the previous turbulence 
parameters, such as also the ones considered for the free stream and pressure outlet 
boundary conditions, will be detailed in Appendix A.  
The values that have been used to define the free stream boundary condition are the 
following: 
 Flow direction: the axial direction. 
 Mach number equal to 0.2. 
 Constant pressure, equal to about 11.1 MPa. 
 Constant static temperature, equal to 3523.15 K (i.e. 3250 °C) 
 Turbulent dissipation rate ε equal to 407.74 J/ kg∙s. 
 Turbulent kinetic energy K equal to 29.85 J/ kg. 
while the ones considered for the pressure outlet boundary condition are: 
 Constant pressure, equal to 54019 Pa, i.e the ambient pressure at 5000 m (the 
nozzle is considered perfectly expanded at this altitude, even if more probably is 
yet over-expanded). 
 Constant static temperature, equal to 1273.15 K (i.e. 1000 °C). 
 Turbulent dissipation rate ε equal to 478760.6 J/ kg∙s. 
 Turbulent kinetic energy K equal to 5648.3 J/ kg. 
At the end of the procedures previously described, the mesh has been generated using the 
commands Initialize meshing and Generate volume mesh; for the visualization of the 
resultant mesh, a scene has been created through the command New scene  mesh.                   
Fig. 3.21 shows the volume mesh obtained; using the Mesh diagnostics, it can be seen that 
it is topologically valid and has about 3∙105 cells. Fig. 3.22 shows a section of the mesh, 
obtained using a plane section from the command Derived part. 
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3.3 FEM model 
This paragraph explains the procedures that have been used to create the last model, the 
structural one, using the commercial structural solver ABAQUS (release 6.11.1) [20]. The 
ABAQUS finite element system includes several solvers and the ones that have been used 
for the analyses in this thesis are the following: 
 ABAQUS Standard, a general-purpose finite element program, that solves a system 
of equations implicitly at each solution “increment”; this option has been selected 
to perform the modal and the fluid-coupled static analyses. 
 ABAQUS Explicit, an explicit dynamic finite element program, in which the 
solution advances through time in small time increments without solving a coupled 
Fig. 3.21 - Snapshot from STAR-CCM+ of the Vulcain 2 engine mesh 
Fig. 3.22 - Snapshot from STAR-CCM+ of a section of the Vulcain 2 engine mesh 
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system of equations at each increment (or even forming a global stiffness matrix); 
this module has been used to run the fluid-coupled dynamic analyses.    
For the generation of the structural model, first of all the CAD model, converted in .stp file 
format, has been imported in ABAQUS through the command Import  Part. At this 
point, other general features of the part have been selected: 
 Topology: shell. 
 Part filter: import all part and combine into single part. 
 Modelling space: 3D 
 Type: deformable. 
 Scale: do not scale. 
As concerns the scale, all the models previously created have as unit system the millimetre 
and also the same reference system: this coherence is a crucial aspect to guarantee the 
correct importation of the fluid-dynamic loads from STAR-CCM+ to ABAQUS. In 
particular ABAQUS requires that all the units of measurement are consistent to the ones of 
the model, which in this case are the ones of SI (mm); Table 3.1 shows the consistent units 
adopted by the software in its analyses. 
  
CONSISTENT UNITS 
Quantity SI SI (mm) US Unit (ft) US Unit (inch) 
Length m mm ft in 
Force N N lbf lbf 
Mass kg tonne (103 kg) slug lbf s2/in 
Time s s s s 
Stress Pa (N/m2) MPa (N/mm2) lbf/ft2 psi (lbf/in2) 
Energy J (N × m) mJ (10−3 J) ft lbf in lbf 
Density kg/m3 tonne/mm3 slug/ft3 lbf s2/in4 
 
      Table 3.1 - Consistent units in ABAQUS 
 
From the part previously imported, ABAQUS creates automatically an instance in the 
Assembly module: a part instance can be considered as a representation of the original part. 
It is possible to create either independent or dependent part instances: the first is effectively 
a copy of the part while the second is only a pointer to a part, a partition or a virtual 
topology. In this last case (this is the instance type selected), the mesh has to be created 
firstly on the original part from which the instance is derived and then ABAQUS applies 
the same mesh to each dependent instance of the part. A model can contain many parts, 
and a part can be instanced many times in the assembly; however, a model contains only 
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one assembly. Loads, boundary conditions, predefined fields, and meshes are all applied to 
the assembly. Even if the model consists one only part, such as the case of this thesis work, 
an assembly, which consists of just a single instance of that part, has to be created. 
In the Assembly module have been identified also four surfaces on the nozzle, necessary for 
a more rigorous importation of the fluid-dynamic loads: the ones correspondent to the 
external and internal envelope of the nozzle, a surface coinciding with the external ring 
(i.e. the TEG) and one identified with the nozzle thickness. Fig. 3.23 is a snapshot of the 
model tree and of the main modules existing in ABAQUS. 
 
 
 
 
 
 
 
 
 
Before the generation of the mesh, the properties of the part have been imposed: these are 
the material choice and the section thickness. Another important issue that has been 
considered, in preparation to all the analyses done, is the one concerning the constraints for 
the model. 
As concerns the material, no information has been available on the one used in the real 
nozzle: nevertheless, researches done on other nozzles have shown that the materials 
commonly used for these applications are the Inconel alloys. These nickel-chromium 
alloys are used for their high temperature resistance, which allows reducing additional 
cooling efforts and results in a high engine performance. For these reasons, the structural 
analyses have been performed using a common type of this alloy, the Inconel Alloy X-750; 
this alloy has been selected from the others of the same family because it possesses 
excellent corrosion and oxidation resistance up to 1000 °C and it has also a good 
Fig. 3.23 - Snapshot of the model tree in ABAQUS 
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formability and welding properties (ideal for the Vulcain 2 nozzle, which is composed 
from various elements welded together).  
The effect of the temperature on the structure has been considered performing the analyses 
at three different temperature, i.e. room temperature (21 °C), 500 °C and 800 °C: this has 
been done without applying some thermal loads but simply considering the properties of 
the material at the previous temperatures. The parameters that have been imposed in 
ABAQUS material module are the density, the Young modulus and the Poisson ratio; 
preliminary FEM analyses have shown that the stresses don’t ever exceed the yielding one 
(at which more complex viscous-plastic phenomena are developed) and therefore the 
elastic model has been chosen. 
Table 3.2 shows the main properties of the Inconel Alloy X-750 [21] at the temperature 
considered for the FEM analyses; the units of measurement are consistent with the SI (mm) 
used by ABAQUS. 
 
 
  
 
 
 
As concerns the structural damping of the material, a value of 0.03 has been assigned: it is 
a common value for welded structures, such as the one of the Vulcain 2 nozzle. 
The thickness of the shell elements have been imposed through the command Section 
Properties and then assigned to the correspondent surfaces through the Section Assignment 
(Fig. 3.24 and Fig. 3.25): a uniform thickness of 2.5 mm for the TEG and of 1.7 mm for 
the rest of the structure have been selected in order to have the overall mass of the nozzle 
equal to the one of the real structure (i.e. 400 kg). 
21 °C 
ρ = 8.28 ∙ 10-9  (tonne/mm3) 
E = 213600 (MPa) 
ν = 0.29 
500 °C 
ρ = 8.28 ∙ 10-9  (tonne/mm3) 
E = 172300 (MPa) 
ν = 0.306 
800 °C 
ρ = 8.28 ∙ 10-9  (tonne/mm3) 
E = 127500 (MPa) 
ν = 0.313 
 
    Table 3.2 - Properties of Inconel Alloy X-750 at various temperatures 
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The constraints for the model have been selected in the Step module, and in particular in 
the Initial step (the constraints in ABAQUS are named BCs). This module will be detailed 
in chapter 4 because it permits the choice of the type of analysis (modal, static and 
dynamic in this thesis). By now it is enough to know that ABAQUS creates automatically 
the first step, named as Initial step, and then the user can create one or more analysis steps 
(one for modal or static analyses and two or more for dynamic analyses).  
 
Fig. 3.24 - Snapshot section properties command for the TEG 
Fig. 3.25 - Snapshot of section assignment command for the TEG 
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The boundary condition that has been chosen is a joint and this has been applied to all the 
edges of the inlet section of the nozzle extension: this is a good approximation for this 
element, which is bolted to the combustion chamber, even if in the reality the entire engine 
is connected to the stage through a gimbal joint. As for the mesh generation, first of all two 
plane section of part have been created in correspondence of the upper and bottom sides of 
the TEG: in this way, the entire nozzle has been split into three parts. Fig. 3.26 shows the 
planes used (yellow outlines) and their location. The purpose of these planes is the creation 
of partitions, i.e. simpler sub-regions of the model, in order to force the creation of a 
mapped mesh (quad elements), hardly to generate on the entire complex structure. 
Therefore, three different meshes have been produced, each for one of three sub-regions 
previously created, and then they have been merged. As concerns the creation of each of 
these meshes, the use of the Seeding Tool has allowed the application of seed on the 
external surface of each of these sub-parts. The seeds have been collocated in order to 
reflect the internal structure of the nozzle, forcing in this way the width of the mesh 
elements to the one of the internal tube wall. Another important aspect to consider is the 
definition of the orientation for the surfaces: each of these has to be characterized by a 
common normal, which is oriented toward the external respect to the inner tube wall 
structure (Fig. 3.27). The previous concept can be better understood through Fig. 3.28, 
which shows a detail of the generated mesh. 
 
Fig. 3.26 - Snapshot of the planes used for the mesh generation in ABAQUS 
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Fig. 3.27 - Snapshot of the orientations of the surfaces in ABAQUS 
Fig. 3.28 - Detail of the mesh generated in ABAQUS 
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The type of elements that has been used in the mesh - through the command Element Type 
in the mesh module (Fig. 3.29) - is the “S8R”: this is an 8 node doubly curved thick shell 
with 6 degree of freedom for each node.  
The global mesh obtained through the merge of the previous ones has been checked, using 
the command Mesh Verify, in order to underline errors and warning correlated to poor 
quality cells, but none of these has been found. 
Using the command Tools  Query, it has been possible to obtain information on the 
mesh - which has 12996 nodes and 5396 linear quadrilateral elements of S8R type - and of 
the mass properties of the model, shown in Fig. 3.30 (volume in mm3, area in mm2, mass in 
tons while the centroid position and the moment of inertia are referred to the reference 
system used in all the previous models and are measured respectively in mm and mm4). 
In conclusion, Fig. 3.31 shows the entire mesh of the Vulcain 2 nozzle ABAQUS 
equivalent model. 
 
    Fig. 3.29 - Snapshot from ABAQUS during the element type choice 
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Fig. 3.30 - Mass properties of the ABAQUS model of the Vulcain 2 nozzle 
   
  
Fig. 3.31 - ABAQUS mesh of the Vulcain 2 nozzle 
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4. Analyses and results 
This chapter can be roughly divided into two parts: the first explains the procedures used 
for the analyses done in STAR-CCM+ and in ABAQUS - focusing in particular on the 
coupling process of the data obtained from these two programs - while the second 
summarizes the main results found from the previous analyses. 
 
4.1 Analyses in STAR-CCM+ 
Two types of analyses have been done in STAR-CCM+: steady and implicit unsteady. The 
choice of the type of simulation has been done in the definition of the model in the Physic 
Continuum section: the procedures and the parameters used are quite similar in the two 
cases and have been discussed broadly in the previous chapter. For the unsteady 
simulation, further options have to be imposed on the Implicit Solver: in particular the 
Time Step, set equal to 0.005 s (with 10 iterations for each time step), and the Order of 
Temporal Discretization, chosen equal to the second one in order to obtain a better 
accuracy of the solution. 
All the simulations for the external flow have been done considering a Mach number M = 
0.85 (reached by the launcher at an altitude of about 5000 m) and three different angles of 
attack - i.e. α = 0°, α = 1° and α = 2° (these are common values during the transonic phase 
of the flight) - in the X-Y plane, which is the plane perpendicular to the one of symmetry 
passing through the central body and the two boosters. In addition, a steady simulation for 
the flow in the Vulcain 2 engine has been performed. First of all have been performed the 
steady simulations (through the commands Solution  Initialize solution and the Solution 
 Run) and these have been stopped when the solution showed a good convergence: this 
behaviour can be easily understood through the monitor of the residuals. These last ones 
represent (in each cell) the degree to which the discretized equations (continuity, 
momentum and energy) are satisfied. STAR-CCM+ automatically provides this chart: for 
example the one obtained for the steady simulation at α = 2° is shown in Fig. 4.1. 
As concerns the unsteady simulations, they have been started from the scalar and vectorial 
fields obtained from the steady simulations: therefore each steady analysis has been 
opened, changed in the correspondent unsteady one and then it has been done a clear of the 
solution history (but not of the solution field) through the command Solution  Clear 
Solution. Before running each unsteady analysis, it have been created some reports through 
the Report Manager command: in particular have been considered the reports associated 
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with the drag and the lateral forces (both in Y and in Z direction) on the Vulcain 2 nozzle 
and on the body of the whole Ariane 5 ECA. From these reports have been created also the 
correspondent monitors and plots (through the command Create monitor and plot from 
report): these last ones are important because they permit the extraction of the values of 
the forces (set in the previous reports) at different instants of time of the simulation, 
through the command Tabulate (this procedure has been used to extract the loads for each 
structural dynamic simulation in ABAQUS). The parameters that have to be imposed for 
the creation of a drag report for the nozzle are shown in Fig. 4.2; notice that the reference 
pressure is a gauge pressure, i.e. a difference respect to the reference value of 54019 Pa 
(i.e. the ambient pressure at 5000 m). 
 
Fig. 4.1 - Monitor of the residuals for the steady simulation at α = 2° 
  
 
 
 
 
 
Fig. 4.2 - Report manager window for the drag of the nozzle 
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The visualization of a scalar or vectorial field calculated during the simulation (steady or 
unsteady) can be done in STAR-CCM+ through the creation of the correspondent Scene. 
The command Edit in Scene permits the choice of the scalar/vectorial field of interest, the 
selection of the regions in which to visualize this one and also other properties as light, 
colours, view and scene setting (an example of Edit window is shown in Fig. 4.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Another useful tool for a better visualization of the solution is the command Derived Part, 
which permits the creation of a plane section and of a streamline: the first one has been 
used in this thesis to show fields as the Mach number and the velocity while the second 
one has been employed to visualize the recirculation bubble on the rear of the launcher.    
The concept of streamline in STAR-CCM+ is correlated to any vectorial field, although it 
generally makes the most physical sense for a velocity field: for this reason, a streamline is 
defined as a line that, at a given instant t, is tangent in each point to the vectors of any 
vectorial field of the flow. The streamline displayers created in this thesis have been 
generated through the option Seed Part, which permits to select a part from which the 
streamlines start. For the purposes of this thesis, the rear part of the central body has been 
                      Fig. 4.3 - Edit window for the creation of a Scene in STAR-CCM+ 
Analyses and results  
 
 
 
 
71 
 
  
selected as “seed” part and a resolution of 20 lines in both Y and Z directions (with a total 
of 40 lines) has been chosen. Fig. 4.4 shows the window of STAR-CCM+ in which it is 
possible to set the previous parameters. In paragraph 4.4 will be shown the streamlines of 
velocity magnitude and vorticity magnitude for each unsteady simulation of external (i.e. α 
= 0°, α = 1° and α = 2°) in the rear part of the launcher. 
 
4.2 Coupling process 
The coupling process that has been used in this work is the so called “file-based coupling”: 
this is a method used to couple STAR-CCM+ with another CAE code (in this thesis 
ABAQUS) via external files stored in the computer memory. The method allows to obtain 
a solution using separate CAE codes to solve for each part of the model, such as the fluid 
and solid domains in an FSI problem. The approach exploited in this thesis is the “one-way 
Fig. 4.4 - Window for the creation of a streamline in STAR-CCM+ 
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coupling”, in which the solution data from STAR-CCM+ can be mapped onto the CAE 
model and exported in a file format that can be read into the third-party application (for 
this thesis the .inp format). The exported data can then be used to specify boundary or 
operating conditions in the CAE model. An example of the typical workflow for one-way 
coupling is shown in the diagram below (Fig. 4.5) [18].  
 
An important part of the file-based coupling is the mapping process, which consists in the 
interpolation of a set of data between two separate models: in particular in this thesis the 
pressure and the wall shear stress data from the fluid domain have been mapped onto the 
corresponding surface of a solid domain and used as a traction loads. To map STAR-
CCM+ solution data on the ABAQUS model, first it is necessary to import the last one into 
STAR-CCM+. The mapping can be done from STAR-CCM+ onto faces, vertices or 
volumes of the ABAQUS model. Mapping presents several challenges such as the way to 
overcome differences in mesh density or topology at the interface between the two models 
Fig. 4.5 - Scheme of one-way coupling procedure 
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or the way to preserve the accuracy of the solution. The interpolation techniques are based 
on either the least squares method or shape function method: the choice between these 
methods is based on whether the source data is face-centric or node-centric.  
The ABAQUS geometry data have been imported in STAR-CCM+ using a standard 
ASCII-format ABAQUS keyword input file (.inp). These data are for surfaces and volume 
elements that are defined in ABAQUS: the surfaces are defined as a set of faces of 3D 
continuum elements and/or faces of shell elements while the volumes are defined as sets of 
3D continuum elements. STAR-CCM+ supports surface-to-surface and volume-to-volume 
mapping, and the meshes do not need to be conformal. Before proceeding in STAR-
CCM+, the ABAQUS model has been prepared creating the surfaces on which the data 
have to be mapped: for this purpose four surfaces - corresponding to the internal and 
external envelope of the nozzle, to the external ring (TEG) and to the wall thickness - have 
been considered. 
The importation of the ABAQUS input file in STAR-CCM+ has been done through the 
command File  Import CAE model; then the data have been mapped between the 
corresponding surfaces of the models, i.e. the ones of STAR-CCM and ABAQUS, and 
finally the mapped data have to be exported to external file. Fig. 4.6 through Fig. 4.8 
shows the previous procedures in the case of the mapping of the pressures and wall shear 
stresses of the inner flow of the nozzle (i.e. the flow from the steady Vulcain 2 engine 
simulation, cf. 4.1) on the ABAQUS model; it needs to notice that in this case the mapping 
has been done only on the internal surface of the nozzle. STAR-CCM doesn’t permit at the 
same time the mapping of more data: for this reason at first the pressures have been 
mapped and it has been created an input file and then it has been done the mapping of the 
shear wall stresses and the data obtained have been appended to the input file previously 
generated. All the data have been exported in MPa, in order to guarantee the coherence 
with the units of measures used for the analyses in ABAQUS (cf. chapter 3).   
The procedure described for the mapping of the Vulcain 2 engine has been repeated for 
each steady simulation of the external flow. In order to ensure the correct reading in 
ABAQUS of the mapped data, the input files for the external and the internal flows has 
been merged, obtaining in this way only three input files, each containing the internal data 
and the corresponding external mapped ones. 
The procedure previously described has been used to generate the loads for the static 
analyses and for the first step of the dynamic analyses performed in ABAQUS. Indeed the 
loads used for the second step of the dynamic analyses have been extracted from the 
monitor created in the unsteady simulations through the command Tabulate. The 
hypotheses done and the processes used for these structural analyses will be better detailed 
in the next paragraph.  
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Fig. 4.6 - Imported model window in STAR-CCM+ 
                                    Fig. 4.7 - Map data window between STAR-CCM+ and the imported model 
Fig. 4.8 - Export mapped data window in STAR-CCM+ 
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4.3 Analyses in ABAQUS 
This paragraph details the procedures used to run the three types of structural analyses 
performed in ABAQUS [19]: modal, static and dynamic analyses. As mentioned already in 
chapter 3, each of these studies has been done considering the material properties at 
different temperature (room temperature, 500° C and 800 °C) in order to simulate in more 
realistic way the behaviour of the structure.  
Before focusing on each analysis, it is important to explain the operations which have been 
done in order to instruct ABAQUS to read the load data (and therefore the input file 
previously created). The input file of the mapped data (mapped_data.inp in Fig. 4.8, which 
contains all the internal and external loads) has been put in the work directory of the 
ABAQUS Job associated with the input file imported in STAR-CCM+ 
(statica_70F_085.inp in Fig. 4.6). Before running ABAQUS, in order to guarantee the 
reading of the mapped data, an extra line has been added in statica_70F_085.inp: this line 
uses the *INCLUDE keyword and has been inserted in the appropriate load step of this 
input file. The command string that has been used is the following: 
*INCLUDE, input=mapped_data.inp     
In this way, when the modified input file statica_70F_085.inp has been imported in 
ABAQUS through the command Import  Model, the program has been created in the 
section Load all the pressures and the wall shear stresses (internal and external to the 
nozzle) previously mapped. This procedure has been used only for static and dynamic 
analyses while it has not been necessary for the modal studies, in which is considered the 
free response (i.e. without loads) of the system.  
The procedures used to create the FEM model have been broadly described in chapter 3, in 
which nevertheless has not been made any reference to the type of analysis, which can be 
defined in the Step module. For this reason, only the operations done to define the type of 
simulation, to run this one and to show the corresponding results will be detailed in the 
next subparagraphs, while for the rest you have to reference to paragraph 3.3. 
 
4.3.1 Modal analysis 
The definition of a modal analysis requires the creation of a new step in the corresponding 
module through the command Create. To this point, a window appears in ABAQUS (Fig. 
4.9) and it is necessary to select the procedure Linear Perturbation  Frequencies. The 
next operation is the choice of the number of modes that the solver has to calculate: for this 
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analysis, the first 20 modes have been considered, while the values of the other parameters 
are the default ones (Fig. 4.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.9 - Create step window for modal analysis in ABAQUS 
Fig. 4.10 - Window for the definition of the features of the modal analysis in ABAQUS 
Analyses and results  
 
 
 
 
77 
 
  
As already mentioned, since modal analysis depends only on the characteristics of mass 
and inertia of the structure, no loads have been applied to the structure. To start the 
simulation, a new Job has been created in the Analysis module of ABAQUS and then it has 
been ran through the command Submit (Fig. 4.11). 
 
 
 
 
 
 
 
 
 
When the Job (named modale_70F in Fig. 4.11) has been completed, the command Results 
permits to show various data of interest. In the case of modal analyses, only the natural 
frequencies and the visualization of the vibrational modes of the structure at these 
frequencies have been considered; nevertheless, the module Results is useful to visualize 
data as stresses, strains and displacements (magnitude and components) in nodes and 
elements, permitting also to plot their history (in dynamic analyses) through the command 
Tools  XY Data  Create: in particular the history of the Von Mises stress on the 
element 1131, which is in the most stressed region of the nozzle (see paragraph 4.4) has 
been used as “sample” to compare the results of the different cases analyzed. The 
procedures used to start a simulation and show the results are the same for each type of 
structural analyses performed in ABAQUS: for this reason, it will implicitly reference to 
them in the subparagraphs of static and dynamic analyses. 
 
4.3.2 Static analysis  
The definition of this type of analysis has been done through the creation of a new step and 
selection of the procedure Static, General  General in the Create Step window (Fig. 
4.12).  
Fig. 4.11 - Procedure to run a simulation in ABAQUS 
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Fig. 4.13 - Edit step window for static general analysis in ABAQUS 
Fig. 4.12 - Create step window for static general analysis in ABAQUS 
Analyses and results  
 
 
 
 
79 
 
  
To this point, it has been chosen the time step (1 s) and has been selected the Nlgeom 
option, which permits to include the nonlinear effects of large deformation and 
displacement (Fig. 4.13). At first a static analysis has been done without considering the 
Nlgeom option: from this analysis has been calculated a value of the displacement 
comparable with the thickness of the structure and therefore it has been decided to activate 
this option for all static (and dynamic) simulations. The values of the other parameters in 
Edit Step window has been selected equal to the default ones. As concerns the loads, these 
are the mapped data, imported in ABAQUS using the procedure previously described: the 
total number of load imported is 7580 and they can be visualized in Fig. 4.14, in which are 
shown also the fixed support constraints at the inlet section of the nozzle.  
 
 
 
 
 
 
 
 
In the Load section, it has been considered also the effect of the gravity, with a total force 
of 3924 N, uniformly distributed on the whole structure (Fig. 4.15). 
 
 
 
 
 
 
Fig. 4.14 - Loads and constraints used in ABAQUS static analyses 
Fig. 4.15 - Procedure for the creation of gravity loads 
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4.3.3 Dynamic analysis 
The dynamic analysis is the study that has been presented the hardest challenge in 
comparison to the other structural simulations. The main issues have been correlated to the 
lack (among the computational resources available for this thesis) of the Co-Simulation 
Engine (CSE), which permits the automatic exchange of data from STAR-CCM+ to 
ABAQUS, also in the “one-way coupling”: in fact, the application of the previous 
procedures for the mapping of the data between the two model, useful to obtain the 
“steady” values of the pressure and of the wall shear stress, is unsuitable when it is 
required the load history, for which it is necessary the use of the CSE. For this reasons, it 
has been necessary to adapt the available resources in order to obtain an assessment, even 
if only preliminary, of the dynamic behavior of the structure. Several approaches have 
been studied to solve this problem, but only two of them have been considered the most 
plausible ones to describe the history of the loads in the real structure: the first will be 
analyzed in this subparagraph while the second will be detailed in Appendix B. These two 
methods differ only for the way according to which the history of the loads is extracted 
from the unsteady fluid-dynamic simulation. The method described in Appendix B derives 
the temporal law for the loads from the Fast Fourier Transform (FFT) graphs of the forces 
on the nozzle (see paragraph 4.4 for the procedures used to derive these graphs), 
interpolating the random signal through a sum of sinusoidal functions and then considering 
this law for the amplitude variation (Periodic Amplitude) of the loads in the dynamic 
implicit analysis. Indeed the approach detailed in this sub-paragraph considers directly the 
values of the various forces on the nozzle at the different instants, applying them as a 
Tabular Amplitude in a dynamic implicit analysis.  
Nevertheless both these methods are based on the “strong” hypotheses listed below: 
 The mapped data (that are pressures and wall shear stresses in stationary 
conditions) have been applied in dynamic way and therefore it has been studied 
how the damped system (structural damping of 3%) reacts in the time to the 
application of these loads, up to reach the steady (static) condition. This approach 
has been considered for the Step-1 of the dynamic simulations and can be though as 
a kind of transitory correlated to the ignition of the engine. In the reality, the “pure” 
steady conditions are not completely reached because the effect of the aerodynamic 
loads takes over: this effect has been examined in the Step-2 of the dynamic 
implicit simulations that therefore presents the overlapping of the two oscillations, 
the ones of the “ignition transitory” - not completely depleted - and the ones of the 
aerodynamic loads. 
 For the loads associated with the inner flow of the nozzle, only the “steady” values 
has been applied: this is a reasonable assumption because the combustion processes 
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(and therefore the instabilities and the oscillations of loads associated with them) 
have not been modelled in the CFD simulation of this thesis. 
 The values of the forces of the external flow applied on the nozzle in X, Y and Z 
directions are mean values that refer to the whole external surface of the model, 
while in the reality they should be calculated locally because they are not uniform 
on the entire structure. These forces have been transformed in the corresponding 
Surface Traction loads in the X, Y and Z directions (dividing them by the whole 
external area) and then applied to the external surfaces of the structural model. The 
amplitude variation of these Surface Traction loads, i.e. how they change in time, 
depends from the method considered (Tabular Amplitude or Periodic Amplitude). 
The loads of the internal flow of the nozzle, obtained with the mapping procedure 
of the steady values are indeed “real”, i.e. locally changing on the internal surface 
of the model.  
After this brief discussion on the simplifications considered in the dynamic analyses, 
will be now detailed the model used for all the dynamic simulation done in this thesis. 
The procedure that has been performed in order to obtain a dynamic model (the various 
steps has been repeated for each dynamic analysis) is the following: 
1. The corresponding static analysis (which presents only one step, called Step-1) 
has been opened and in it a new step, named Step-2, has been created. The use 
of the static analysis has been done only for simplicity because, in contrary 
case, a new input file (related to the dynamic analysis) would have to be 
created and all the data would again be mapped in STAR-CCM+. For the 
Step-2, the procedure Dynamic, Implicit  General has been chosen (Fig. 
4.16). The suffix Implicit denotes the method of resolution for the equation of 
dynamic equilibrium of each constituent element of the system. In Implicit 
method, the equations of equilibrium have to be resolved simultaneously for 
each step of the solver process, in order to obtain the nodal displacements; 
indeed the resolution of the equations of equilibrium for each step is not 
required in the case of Explicit method. 
2. Through the Edit Step window (Fig. 4.17 and Fig 4.18), the following 
parameters have been set: 
 Time period. This is the time interval analyzed and it has been 
considered equal to 0.1 s. 
 Nlgeom: activated. 
 Application. The option considered is the Transient fidelity, which uses 
small time increments to accurately resolve the vibrational response of 
the structure and in which the numerical energy dissipation is kept at a 
minimum. 
Analyses and results  
 
 
 
 
82 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 I 
Fig. 4.16 - Create step window for ABAQUS dynamic implicit analysis  
Fig. 4.17 - “Incrementation” section in Edit Step window for ABAQUS dynamic implicit analysis  
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  Incrementation. The Automatic option has been chosen: this allow 
ABAQUS to select the size of the increments based on computational 
efficiency. 
 Maximum number of increments. This represents the upper limit to the 
number of increment in the step and it has been chosen equal to 10000. 
The analysis stops if this maximum is exceeded before ABAQUS 
arrives at the complete solution for the step. 
 Increment size. In the Initial field, the initial time increment has been set 
equal to 0.005 s, i.e. the time step of the unsteady simulation in STAR-
CCM+. ABAQUS modifies this value as required throughout the step. 
In the Minimum field, a default value of 10-6 s has been considered, in 
order to ensure the convergence of the analysis: in fact, if ABAQUS 
needs a time increment smaller than this value, it terminates the 
analysis.  
 Time integrator parameter  Alpha (Fig. 4.18).This is the numerical 
(artificial) damping control parameter in the implicit operator and 
represents the damping associated with the time integration (different 
from the material damping). The default value of this parameter for the 
Transient Fidelity application is α = - 0.05. For the purpose of this 
analyses, α has been set equal to 0, i.e. no damping: in this way it has 
been possible to maintain the oscillatory behaviour of the solution, 
without considering too small time increments. Therefore the only 
damping considered for the analyses is the structural one (equal to 0.03). 
 
 
 
 
 
 
 
 
 
Fig. 4.18 - “Other” section in Edit Step window for ABAQUS dynamic implicit analysis  
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 For the other parameters, the corresponding default values have been 
considered. 
3. Using the command Tabulate in the various Plots created in the unsteady 
simulations of STAR-CCM+, the values of the forces and the corresponding 
instants of application have been derived. Fig. 4.19 shows the data of the drag 
of the nozzle at α = 0° extracted with this method. 
 
 
 
 
Then these data, with the ones corresponding to the lateral forces in Y and Z 
directions (notice that for the external flow there isn’t thrust because the flow 
of the engine has not been considered) have been copied in Excel file .xlsx and 
the forces have been divided by the total external area of the nozzle, in order 
to obtain the corresponding pressures.  
4. The next step has been consisted in the creation of three Tabular Amplitudes 
in ABAQUS in which have been pasted the pressures (in MPa) previously 
calculated (Fig. 4.20). 
5. In the Load module of the Step-2, a Surface Traction Load has been created 
for each external surface (three surfaces named “External”, “Ring” and 
“Thickness”) and for each pressure previously created (three pressures 
corresponding to the ones produced by drag and Y and Z lateral forces), with a 
total of 9 loads. Fig. 4.21 shows for example the one corresponding to the 
drag: the direction is the one along act these pressures, the magnitude (i.e. the 
Fig. 4.19 - Tabular data of drag on the nozzle for the unsteady simulation at α = 0° 
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coefficient that multiply the pressures associated with the Tabular Amplitude 
of the drag, simply named Drag in the picture) has been chosen equal to 1, the 
Amplitude is equal to the one of the pressures correlated to the drag force and 
the traction has been defined per unit of undeformed area.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.20 - Creation of the tabular amplitude for the drag on the nozzle in ABAQUS 
Fig. 4.21 - Surface traction load for drag in ABAQUS 
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6. At the end, the definition of the Step-1 (which until now was still Static, 
General) has been changed, operating on the input file generated by 
ABAQUS: this step, which presents only the “steady” mapped loads, has been 
converted in a one with the same features of the Step-2 previously defined. At 
this point, the modified input file has been opened in ABAQUS and in this 
way has been obtained a two-steps dynamic implicit analysis. 
This procedure has been repeated for each of the three analyses with different flight 
conditions, changing for each the material properties on the basis of the considered 
temperature. As for the modal and static analyses, the dynamic simulations have been 
performed creating the corresponding Jobs, submitting them and then showing the 
solutions with the Results option. 
 
4.4 Results 
This paragraph summarizes the results of the CFD and FEM analyses performed in this 
thesis. First of all, the results concerning the CFD simulations of the engine and the modal 
analyses of the nozzle will be shown, since they don’t depend on the flight conditions and 
therefore on the angle of attack. Subsequently, the data from the remaining analyses will be 
shown, dividing them on the basis of the angle of attack and of the temperature conditions 
(i.e. room temperature, 500 °C and 800 °C). 
As concerns the CFD unsteady simulations, the useful instrument of the Fast Fourier 
Transform (FFT) has been used to show the energetic content of the signal in each 
frequency band and therefore to identify the possible resonance frequencies for the 
structure. These frequency-domain graphs have been obtained from the Tabular data (see 
for example Fig. 4.19) of the unsteady simulations, using the Excel procedure described in 
[22]. For the simulation at α = 2° will be also demonstrated that the energy content at low 
frequencies (below 40 Hz) in the FFT graphs is strictly correlated to the base-flow 
instabilities. 
As for the FEM simulations, the analyses have shown that the maximum stresses are 
concentrated in the upper part of the nozzle, between the inlet section and the TEG: for this 
reason, the history plots of the Von Mises stresses (i.e. the ones more directly correlated to 
the alternate stress component in fatigue analysis of chapter 5) are referred to a “sample” 
element of this region, which is the element 1131 (in Fig. 4.22 it can be seen the previous 
region - in a deformed configuration with an amplification factor of 100 - and the element 
1131, this last highlighted in red). To tell the truth, the maximum stresses found in all the 
FEM analyses are located on the internal stiffening, in correspondence of the fixed section 
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(Fig. 4.23, deformed configuration). Nevertheless, since these stresses are strictly 
correlated to the boundary condition used for the analyses, these can be considered 
“fictitious” stresses which are not present, or anyway smaller than the ones found, in the 
real situation. Another parameter considered for the FEM analyses is the displacement: it 
has been found that the maximum values of the displacements are at the exit section of the 
nozzle, in regions whose locations depend from the angle of attack. In particular, for the 
history plot of the displacements, the following nodes have been considered as “samples”: 
 Node 5278 for analyses at α = 0° (in these analyses, the regions of maximum 
displacements are symmetric with regard to the nozzle axis of symmetry). 
 Node 6064 for analyses at α = 1° (no symmetric displacements). 
 Node 6096 for analyses at α = 2° (no symmetric displacements). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.23 - Particular of Von Mises stress on the internal stiffening of the nozzle in correspondence of the fixed section 
Fig. 4.22 - Von Mises stress of the nozzle at room temperature and α = 0° 
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4.4.1 Results of CFD engine analysis 
Fig. 4.24 shows the Mach profile of the Vulcain 2 engine: it can be noted the unitary value 
in correspondence of the throat section while the maximum value of 3.68 is in the central 
portion of the flow, in correspondence of the nozzle extension. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.24 - Mach number in the Vulcain 2 engine 
 
Fig. 4.25 and Fig. 4.26 show respectively the pressures and the wall shear stresses found 
on the wall of the nozzle extension: as previously discussed, these values don’t considered 
the effects of the boundary layer cooling in the lower part of the nozzle and of the 
combustion instabilities, which indeed have a predominant role in the real physic of the 
engine. 
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Fig. 4.25 - Pressure trend on the internal wall of the Vulcain 2 nozzle 
Fig. 4.26 - Shear stress trend on the internal wall of the Vulcain 2 nozzle 
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4.4.2 Results of modal analyses 
Fig. 4.27 through Fig. 4.46 show the first twenty modes of vibration of the nozzle 
structure, with the corresponding natural frequencies, for the material at room temperature. 
The modal analyses have been conducted considering a structural damping of 3 % and a 
joint in correspondence of the inlet section of the nozzle extension. 
 
 
 
 
 
 
 
 
 
Fig. 4.27 - 1st mode and 1st natural frequency of the structure at room temperature 
Fig. 4.28 - 2nd mode and 1st natural frequency of the structure at room temperature 
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         Fig. 4.29 - 3rd mode and 2nd natural frequency of the structure at room temperature 
 
 
             Fig. 4.30 - 4th mode and 2nd natural frequency of the structure at room temperature 
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Fig. 4.31 - 5th mode and 3th natural frequency of the structure at room temperature 
 
 
Fig. 4.32 - 6th mode and 3th natural frequency of the structure at room temperature 
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Fig. 4.33 - 7th mode and 4th natural frequency of the structure at room temperature 
 
 
Fig. 4.34 - 8th mode and 4th natural frequency of the structure at room temperature 
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Fig. 4.35 - 9th mode and 5th natural frequency of the structure at room temperature 
 
 
Fig. 4.36 - 10th mode and 5th natural frequency of the structure at room temperature 
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Fig. 4.37 - 11th mode and 6th natural frequency of the structure at room temperature 
 
 
 
Fig. 4.38 - 12th mode and 6th natural frequency of the structure at room temperature 
 
Analyses and results  
 
 
 
 
96 
 
  
 
 
Fig. 4.39 - 13th mode and 7th natural frequency of the structure at room temperature 
 
 
 
Fig. 4.40 - 14th mode and 8th natural frequency of the structure at room temperature 
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Fig. 4.41 - 15th mode and 8th natural frequency of the structure at room temperature 
 
Fig. 4.42 - 16th mode and 9th natural frequency of the structure at room temperature 
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Fig. 4.43 - 17th mode and 9th natural frequency of the structure at room temperature 
 
 
Fig. 4.44 - 18th mode and 10th natural frequency of the structure at room temperature 
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Fig. 4.45 - 19th mode and 11th natural frequency of the structure at room temperature 
 
 
 
 
Fig. 4.46 - 20th mode and 11th natural frequency of the structure at room temperature 
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As can be seen from the previous pictures, all modes, except the 18th, are flexural. Each 
flexural mode, except the one that involve the TEG structure (i.e. the 13 th), is symmetrical, 
i.e. it occurs in two ways: for example the 11th and 12th modes (Fig. 4.37 and Fig. 4.38) 
have the same natural frequency (the 6th one) but the inflections, although equal, are in 
different directions. Similar remarks can be done for any flexural modes which have the 
same natural frequency. The modes of vibration for the structure at 500 °C and 800 °C are 
equal to the ones at room temperature, except the modes from 17th to 20th. In fact, for the 
modal analysis at 500 °C, the 18th mode is no longer torsional and it became flexural: in 
this way, while in the 19th and 20th modes at room temperature (that are symmetrical 
flexural ones) the number of “waves” of the deformed structure is equal to nine, these last 
shapes occurs in the high temperature analysis at the 18th and 19th modes (which are 
symmetrical flexural); the 20th mode of the analysis at 500 °C is a flexural one, with a 
number of “waves” equal to ten (Fig. 4.47). The same considerations done for the modal 
analysis at 500 °C can be repeated for the one at 800 °C. In conclusion, for the analyses at 
500 °C and 800°C, all modes of vibration are flexural. 
 
 
The following table (Table 4.1) summarizes the extracted natural frequencies of the 
structure at the different temperatures considered in this thesis. 
Fig. 4.47 - 20th mode of the structure at high temperatures (500°C and 800°C) 
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Mode of vibration Room temperature 500 °C 800 °C 
1st 54.684 Hz 46.347 Hz 39.88 Hz 
2nd 54.684 Hz 46.347 Hz 39.88 Hz 
3rd 55.53 Hz 47.861 Hz 41.16 Hz 
4th 55.53 Hz 47.681 Hz 41.16 Hz 
5th 57.373 Hz 48.378 Hz 41.603 Hz 
6th 57.373 Hz 48.378 Hz 41.603 Hz 
7th 75.897 Hz 62.088 Hz 53.378 Hz 
8th 75.897 Hz 62.088 Hz 53.378 Hz 
9th 106.6 Hz 84.367 Hz 72.536 Hz 
10th 106.6 Hz 84.367 Hz 72.536 Hz 
11th 111.76 Hz 99.946 Hz 85.818 Hz 
12th 111.76 Hz 99.946 Hz 85.818 Hz 
13th 143.62 Hz 100.03 Hz 86.199 Hz 
14th 145.13 Hz 110.75 Hz 95.233 Hz 
15th 145.13 Hz 110.75 Hz 95.233 Hz 
16th 190.13 Hz 139.01 Hz 119.56 Hz 
17th 190.13 Hz 139.01 Hz 119.56 Hz 
18th 222.8 Hz 167.65 Hz 144.23 Hz 
19th 241.31 Hz 167.65 Hz 144.23 Hz 
20th 241.31 Hz 195.3 Hz 168.05 Hz 
 
Table 4.1 - Summary of the extracted natural frequencies of the structure at different temperatures 
 
As expected, the natural frequencies lower with increasing temperature. Comparing the 
results of these modal analyses - performed on the equivalent structure considered in the 
preliminary investigation of this thesis - with the ones of the real nozzle obtained by 
Lüdeke et al. [15], it can be noted that the shape of the modes is the same in two cases 
while the natural frequencies obtained from this study are higher than the real one. In fact, 
if it is considered the more realistic situation of a temperature for the material of the nozzle 
between 500 °C and 800 °C, the first natural frequency obtained is about 10 Hz higher than 
the corresponding one of about 30 Hz calculated in [15]: this aspect should be kept in mind 
when the extracted frequencies will be compared with the typical ones of the buffeting 
phenomenon (using the corresponding FFTs, see next subparagraphs). Therefore, on the 
light of above, the first natural frequency of the structure in the reality will be more close 
to the ones concerning the buffeting, producing therefore a slight increase of the dynamic 
response of the structure, in comparison to the one found in the dynamic analyses 
performed in this work: however, the fact that the lower natural frequency of the nozzle is 
higher than the typical ones associated with this phenomenon (which in general are lower 
than 40 Hz, even if will be demonstrate that at α = 1° there are also peaks in the range of 
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60 - 80 Hz) is a proof of the accuracy in the design of the structure and of the goodness of 
the simplifying hypotheses done in this thesis. 
 
4.4.3 Results for α = 0° 
CFD steady simulation 
Fig. 4.48 and Fig. 4.49 show Mach fields, respectively in X-Z and X-Y planes, of the flow 
around the launcher; to be noted that the shadow effect in correspondence of the exit 
section of the rocket engines is not present if it the effect of their plumes is considered.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.48 - Mach field in X-Z plane (α = 0°) 
Fig. 4.49 - Mach field in X-Y plane (α = 0°) 
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In Fig. 4.48 can be easily observed the shock waves in correspondence of the lower parts 
of the cones and of the rear divergence elements of the boosters while the ones in 
correspondence of the lower part of the fairing and the rear junctions can be saw in Fig. 
4.49. As concerns the buffeting phenomenon, this can be better visualize in Fig. 4.50 and 
Fig. 4.51, which are vectorial scene of velocity base flow field of the launcher, in X-Z and 
X-Y planes respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.50 - Vectorial scene of the velocity base flow field in X-Z plane (α = 0°) 
Fig. 4.51 - Vectorial scene of the velocity base flow field in X-Y plane (α = 0°) 
 
Analyses and results  
 
 
 
 
104 
 
  
As can be seen, the flow quickens through the rear junctions and then hits the lower part of 
the nozzle, creating a recirculation bubble near the rear surfaces of the launcher, and goes 
on to the exit section of the Vulcain 2 engine: in the reality, the high velocity plume of the 
engine reflects and deviates outside the previous flow. 
Fig. 4.52 shows pressure profile on the whole launcher. Fig. 4.53 and Fig. 4.54 display 
pressures and wall shear stress on the nozzle respectively. 
 
 
 
 
 
 
 
 
 
Fig. 4.52 - Pressure profile on Ariane 5 ECA (α = 0°) 
Fig. 4.53 - Pressure field on the Vulcain 2 nozzle (α = 0°) 
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In Fig. 4.53 can be easily shown the effects on the pressure of the incident flow coming 
from the rear junctions (red spots in picture): these effects are not uniformly distributed 
and are concentrated in correspondence of the two sides viewing the boosters (Z and -Z 
directions). As for the wall shear stress, its maximum value is in correspondence of the exit 
section of the nozzle. It is important to note that all the fields displayed in previous pictures 
are double symmetrical, due to the symmetry of the structure and of the flow field: the 
symmetry in X-Z plane will be lost for the simulation with a non-zero angle of attack, as 
will be shown in the next subparagraphs. 
 
CFD unsteady simulation 
Mach, velocity, pressure and wall shear stress fields in this case are quite similar to the 
ones shown for the steady simulation: for this reasons, will not be displayed in this case. 
Fig. 4.55 and Fig. 4.56 represent streamline scenes for velocity magnitude and vorticity 
magnitude in the rear part of the launcher: in these pictures, extracted at a simulation time 
of 7.8 s, can be better visualize the recirculation bubble, responsible for the buffeting 
phenomenon.  
Fig. 4.57 through Fig. 4.62 display the FFT diagrams for total (i.e. on the whole launcher) 
drag, Y total lateral force, Z total lateral force and the corresponding ones on the Vulcain 2 
nozzle: all these plots have been calculated using the procedures described in the previous 
paragraphs and in [22]. A common feature of this frequency diagrams is the high energetic 
content of the signals at low frequencies, directly correlated to base-flow instabilities. The 
highest energies of the signal are present in the FFT of drag and Y lateral force, while the 
contribution of Z lateral force is negligible. None of the low frequencies found in this case 
Fig. 4.54 - Wall shear stress field on the Vulcain 2 nozzle (α = 0°) 
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interacts directly with the nozzle structure, being these lower than the first natural 
frequency of the nozzle itself. 
 
Fig. 4.55 - Streamline scene of velocity magnitude in the rear part of the launcher (α = 0°) 
Fig. 4.56 - Streamline scene of vorticity magnitude in the rear part of the launcher (α = 0°) 
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Fig. 4.57 - FFT diagram of total drag (α = 0°) 
 
 
Fig. 4.58 - FFT diagram of Y total lateral force (α = 0°) 
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Fig. 4.59 - FFT diagram of Z total lateral force (α = 0°) 
 
 
Fig. 4.60 - FFT diagram of drag on the Vulcain 2 nozzle (α = 0°) 
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Fig. 4.61 - FFT diagram of Y lateral force on the Vulcain 2 nozzle (α = 0°) 
 
 
Fig. 4.62 - FFT diagram of Z lateral force on the Vulcain 2 nozzle (α = 0°) 
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FEM static analysis 
Table 4.2 summarizes the maximum values of Von Mises stress in the element 1131 at 
different temperatures, while its visualization at room temperature has been shown in Fig. 
4.22 (with an amplification factor of 100); these values refers to the most external layer in 
the sheet thickness, in correspondence of the previous element: in fact ABAQUS permits 
to choose the number of layers in the thickness (equal to 5 in this thesis) and to calculate 
the parameters of interest (stress, displacement, strain, etc.) in one or more of these layers. 
It has been selected the most external layer (called Topmost in ABAQUS) because in this 
way the higher stresses have been considered.  
Similar considerations have been done for the displacements: Table 4.3 lists the 
displacements calculated at different temperatures for the “sample” node 5278 (see 
introduction to paragraph 4.4). Fig. 4.63 shows the displacements of the nozzle at room 
temperature (similar images can be obtained for the other two temperature conditions), 
with an amplification factor of 100: as can be seen, the maximum displacements are 
symmetrical and located at the exit section, along the Y direction (i.e. the one which 
doesn’t intersect the two boosters). 
 
Temperature 
Max Von Mises stress on element 1131 
(MPa) 
21 °C 113.15 
500 °C 112.982 
800 °C 112.762 
 
Table 4.2 - Maximum Von Mises stress in element 1131 (α = 0°) 
 
 
Temperature Displacement for node 5278 (mm) 
21 °C 1.103 
500 °C 1.308 
800 °C 1.64 
 
Table 4.3 - Displacements for node 5278 (α = 0°) 
 
As could be expected, the stresses decrease (even if slightly, as consequence of the 
reduction of the Young modulus E, cf. Table 3.2) while the displacements increase with 
increasing temperatures. 
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FEM dynamic analysis 
Fig. 4.64 plots the history of stresses (Von Mises, Topmost layer) in each node of the 
element 1131 while Fig. 4.65 represents the history of displacement in the node 5278, both 
at room temperature. The maximum value found for the previous stresses is 260.75 MPa 
while the maximum displacement is equal to 2.381 millimetres. Similar graphs for high 
temperature analyses can be obtained through the command XY Data of ABAQUS: these 
plots will not be displayed and the main results from them, in term of maximum stress and 
displacement, are summarized in Table 4.4 and Table 4.5 respectively.  
Fig. 4.64 - History plot of the Von Mises stress in the nodes of the element 1131 at room temperature (α = 0°) 
Fig. 4.63 - Displacements of the Vulcain 2 nozzle at room temperature (α = 0°) 
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Temperature 
Max Von Mises stress on element 1131 
(MPa) 
21 °C 260.75 
500 °C 271.124 
800 °C 295.13 
 
Table 4.4 - Maximum Von Mises stress on the element 1131 at different temperatures (dynamic analyses, α = 0°) 
 
 
Temperature Max displacement for node 5278 (mm) 
21 °C 2.381 
500 °C 2.836 
800 °C 3.537 
 
Table 4.5 - Maximum displacement for the node 5278 at different temperatures (dynamic analyses, α = 0°) 
 
As can be seen from the previous tables, both the stress and the displacement increase with 
increasing temperatures. In the case of the displacements, this behaviour has been already 
noted in the static analysis. As for the stresses, the increasing trend with the temperature 
can be explained (using the constitutive equation σ = E∙ε) considering in the element 1131 
an increase of the displacement first derivative (i.e. the strain ε) higher than the decrease of 
the Young modulus. As still previously mentioned (cf. 4.3.3), each dynamic analysis has 
Fig. 4.65 - History plot of the displacement in the node 5278 at room temperature (α = 0°) 
 
Analyses and results  
 
 
 
 
113 
 
  
two step: the first (Step-1), with a duration of 0.1 s, which presents only the “steady” 
mapped loads, all those applied in a dynamic way, and the second, with a duration of 0.1 s 
as well, which has as loads the ones of the previous step and also the ones associated with 
“aerodynamic” fluctuations, coming from the corresponding CFD unsteady simulation. 
Fig. 4.66 shows the displacements of the nozzle in the Step-1 (at a simulation time of 
0.009691 s), with an amplification factor of 50 (used also for all pictures from Fig. 4.67 to 
Fig. 4.71): in this figure can be easily observed the longitudinal propagation of waves 
associated with the dynamic application of the loads. This dynamic behavior stops in the 
upper part of the structure (i.e. on the TEG) during the Step-2: Fig. 4.67 displays the 
dynamic behavior of the nozzle structure during this step (simulation time of 0.123085 s) 
while Fig. 4.68 and Fig. 4.69 (snapshots at simulation times of 0.100028 s and 0.162590 s) 
focus on the deformation mode of the upper region. As can be seen from these two last 
images, the upper part of the nozzle experiments with circumferential waves: these ones 
develop in correspondence of the element 1131 and then propagate longitudinally up to the 
TEG, from which they loss their circumferential propagation and move only longitudinally 
toward the exit section. During the Step-1, the deformation modes at the exit section of the 
nozzle are essentially two: an ovalization mode (Fig. 4.70) and the “quadrangular” one 
displayed in Fig. 4.71. These last one is lost during the Step-2 while the ovalization shape 
(associated with the 2nd natural frequency) becomes predominant. 
All the images from Fig. 4.66 to Fig. 4.71 refer to room temperature condition: the 
corresponding ones at 500 °C and 800°C are quite similar to them and therefore will be not 
displayed. As concerns the dynamic behavior of the Vulcain 2 nozzle, remarks analogous 
to the ones previously listed can be done also for the studies at α = 1° and α = 2°: for this 
reason these comments will be not repeated in the corresponding paragraphs of these two 
last analyses. 
Fig. 4.66 - Dynamic behaviour of the nozzle during the Step-1 (0.009691 s) at room temperature (α = 0°) 
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Fig. 4.67 - Dynamic behaviour of the nozzle during the Step-2 (0.123085 s) at room temperature (α = 0°) 
 
 
 
 
 
 
 
 
 
Fig. 4.68 - Dynamic behaviour of the upper part of the nozzle during the Step-2 (0.100028 s) at room temperature (α = 0°) 
 
Fig. 4.69 - Dynamic behaviour of the upper part of the nozzle during the Step-2 (0.162590 s) at room temperature (α = 0°) 
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4.4.4 Results for α = 1° 
CFD steady simulation 
Fig. 4.72 shows Mach field in X-Y plane; the corresponding picture for X-Z plane is 
similar to the one for α = 0°. The far field velocity vector in this simulation has the 
following components (while for the simulation at α = 0° there is only the X component, 
equal to - 272.5 m/s): 
 X component equal to - 272.46 m/s. 
Fig. 4.71 - “Quadrangular” mode at the exit section of the nozzle during the dynamic analysis at room temperature (α = 0°) 
 
Fig. 4.70 - Ovalization mode at the exit section of the nozzle during the dynamic analysis at room temperature (α = 0°) 
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 Y component equal to 4.76 m/s. 
 Z component equal to 0 m/s. 
As can be seen from Fig. 4.72, the presence of a non-zero angle of attack produces 
essentially three effects (in comparison to the situation with zero attack angle): 
 Reduction of the supersonic zone at the end of the fairing on the windward side. 
 Disappearance of the supersonic zone in correspondence of the rear junction on the 
windward side. 
 Weaker recirculation phenomena and increase of the low Mach number region in 
correspondence of the upper surface of the nozzle, on the windward side of the rear 
zone of the launcher. 
Moreover it has been noticed a reduction of the supersonic zone in correspondence of the 
end of the cones and of the divergent rear zones of the booster, each on the windward side 
(even if this phenomena are not visible in Fig. 4.72).  
Fig. 4.73 is a vectorial scene of velocity base flow field of the launcher in the X-Y plane: 
in it can be more easily observed the considerations about the recirculation zone done for 
Fig. 4.70 (the corresponding picture on X-Y plane is quite similar to the one at α = 0° and 
therefore have not been shown).  
Also in this case it is important to note that the shadow effect produced by the nozzle 
structure (with a suction of the flow from one side to the opposite of the nozzle, 
phenomenon absent in the simulation at α = 0°) is not present during the engines operation. 
Fig. 4.72 - Mach field in X-Y plane (α = 1°) 
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Fig. 4.74 and Fig. 4.75 display the pressure field on the nozzle extension (X-Z plane, view 
of windward side for Fig. 4.74 and opposite side for Fig. 4.75). The whole structure of the 
nozzle is compressed and the maximum compression (in blue) is on the TEG surfaces 
while the minimum one is on the lower part of the nozzle, both in front of the boosters (Z 
and - Z directions): this behaviour is strictly correlated to the recirculation bubble of the 
buffeting phenomenon. Zones with high compression loads are present also in 
correspondence of the lower part of the nozzle, on the side protected by the incident flow; 
Fig. 4.73 - Vectorial scene of the velocity base flow field in X-Y plane (α = 1°) 
 
Fig. 4.74 - Pressure field on the Vulcain 2 nozzle (windward side, α = 1°) 
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on the contrary, regions with low compression are on the opposite side. As can be seen 
from previous pictures, the distribution of the pressure loads is symmetrical respect to the 
X-Y plane, i.e. the plane in which varies the angle of attack, because also the whole 
launcher is symmetrical for this plane. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.76 and Fig. 4.77 show wall shear stress field on the Vulcain 2 nozzle (X-Z plane, 
view of windward side for Fig. 4.76 and opposite side for Fig. 4.77). 
 
 
 
 
 
 
 
 
 
Fig. 4.75 - Pressure field on the Vulcain 2 nozzle (windward side, α = 1°) 
 
Fig. 4.76 - Wall shear stress field on the Vulcain 2 nozzle (windward side, α = 1°) 
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Also in this case (such as for the one at α = 0°) the maximum value of the shear stress is in 
correspondence of the exit thickness of the structure. To guarantee a better visualization of 
the solution and also to permit a comparison to the corresponding image at α = 0°, it has 
been decided to display as maximum value 106.89 Pa (equal to the one calculated for α = 
0°): in the reality the values above this one are about three times higher (four times for 
simulation at α = 2°) than this “fictitious” threshold and are all located at the exit thickness 
(therefore they don’t influence the field behaviour on the main external surfaces of the 
nozzle); for the rest, comments similar to the ones done for pressure field can be 
considered. 
 
CFD unsteady simulation 
Mach, velocity, pressure and wall shear stress fields in this case are quite similar to the 
ones shown for the steady simulation: for this reasons, will not be displayed. Fig. 4.78 and 
Fig. 4.79 represent streamline scenes for velocity magnitude and vorticity magnitude in the 
rear part of the launcher:  these pictures, extracted at a simulation time of 8 s, show a more 
energetic flow (in term of both maximum velocity and vorticity magnitudes) compared to 
the one observed in Fig. 4.55 and Fig. 4.56; another difference is in the recirculation 
bubble, which is less defined in the pictures relative to α = 1° simulation, that present a 
flow with a more chaotic behaviour. 
 
Fig. 4.77 - Wall shear stress field on the Vulcain 2 nozzle (windward side, α = 1°) 
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Fig. 4.78 - Streamline scene of velocity magnitude in the rear part of the launcher (α = 1°) 
 
Fig. 4.79 - Streamline scene of vorticity magnitude in the rear part of the launcher (α = 1°) 
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Fig. 4.80 through Fig. 4.85 display the FFT diagrams for total (i.e. on the whole launcher) 
drag, Y total lateral force, Z total lateral force and the corresponding ones on the Vulcain 2 
nozzle. As for the FFTs for the total forces, they are quite similar to the ones calculated for 
α = 0°, with a slightly lower amplitudes; this consideration is also valid for the FFT of the 
Z lateral force on the nozzle.  This behaviour for the amplitude of the FFTs can be 
observed also for the remaining frequency diagrams, i.e. the ones corresponding to drag 
and Y lateral force on the Vulcain 2 nozzle, but with different locations of the frequency 
peaks: in particular the energetic content at low frequency is less marked (compared to the 
one at α = 0°) and peaks are present at 30 Hz, 62 - 65 Hz and 78 Hz. 
 As can be seen from Table 4.1, these last two frequencies (which can be anyway 
associated with the flow instability, even if the typical range of the buffeting is below 40 
Hz) can interact directly with the natural frequencies of the nozzle: this possibility has been 
considered for the interpretation of the results of the dynamic analyses and in particular to 
justify the higher values (than the ones obtained for α = 0° and α = 2°) of the stresses found 
in the dynamic analyses at α = 1° (see next sections). 
 
 
 
 
Fig. 4.80 - FFT diagram of total drag (α = 1°) 
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Fig. 4.81 - FFT diagram of total Y lateral force (α = 1°) 
 
 
 
Fig. 4.82 - FFT diagram of total Z lateral force (α = 1°) 
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Fig. 4.83 - FFT diagram of drag on the Vulcain 2 nozzle (α = 1°) 
 
 
 
Fig. 4.84 - FFT diagram of Y lateral force on the Vulcain 2 nozzle (α = 1°) 
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Fig. 4.85 - FFT diagram of Z lateral force on the Vulcain 2 nozzle (α = 1°) 
 
FEM static analysis 
Table 4.6 summarizes the maximum Von Mises stress in the element 1131; for the rest, the 
same considerations done for α = 0° can be repeated in this case. 
Table 4.7 lists the displacements calculated at α = 1° and for different temperatures for the 
“sample” node 6064 (cf. introduction to paragraph 4.4). Fig. 4.86 shows the displacements 
of the nozzle (with an amplification factor of 100) at room temperature (similar images can 
be obtained for the other two temperature conditions). As can be seen, the maximum 
displacements are in correspondence of the exit section, slightly staggered with respect to + 
Y direction (i.e. the direction of the incoming incident flow). 
 
Temperature 
Max Von Mises stress on element 1131 
(MPa) 
21 °C 114.736 
500 °C 114.686 
800 °C 114.631 
 
Table 4.6 - Maximum Von Mises stress in element 1131 (α = 1°) 
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Fig. 4.86 - Displacements of the Vulcain 2 nozzle at room temperature (α = 1°) 
 
Temperature Displacement for node 6064 (mm) 
21 °C 0.9968 
500 °C 1.202 
800 °C 1.544 
 
Table 4.7 - Displacements for node 6064 (α = 1°) 
 
The displacements and the stresses found are respectively lower and higher than the ones 
calculated for α = 0° static analyses. 
 
FEM dynamic analyses 
Fig. 4.87 plots the history of stresses (Von Mises, Topmost layer) in each node of the 
element 1131 while Fig. 4.88 represents the history of displacement in the node 6064, both 
at room temperature. The maximum value found for the previous stresses is 270.59 MPa 
while the maximum displacement is equal to 2.021 millimetres. Similar graphs for high 
temperature analyses can be obtained through the command XY Data of ABAQUS: these 
plots will not be displayed and the main results from them, in term of maximum stress and 
displacement, are summarized in Table 4.8 and Table 4.9 respectively.  
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Fig. 4.88 - History plot of the displacement in the node 6064 at room temperature (α = 1°) 
 
Temperature Max Von Mises stress on element 1131 
(MPa) 
21 °C 270.59 
500 °C 307.58 
800 °C 306.564 
 
Table 4.8 - Maximum Von Mises stress on the element 1131 at different temperatures (dynamic analyses, α = 1°) 
 
Fig. 4.87 - History plot of the Von Mises stress in the nodes of the element 1131 at room temperature (α = 1°) 
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Temperature Max displacement for node 6064 (mm) 
21 °C 2.021 
500 °C 2.353 
800 °C 3.271 
 
Table 4.9 - Maximum displacement for the node 5278 at different temperatures (dynamic analyses, α = 1°) 
 
As for the displacements, they increase with increasing temperature and the values found 
for these dynamic analyses are smaller than the ones calculated for α = 0°. As concerns the 
stresses, the values obtained are higher than the corresponding ones for α = 0° analyses 
(and will be shown in the next subparagraph which they are also higher than the values 
found for dynamic analyses at α = 2°) and don’t present a monotonic behaviour with the 
temperature (on the contrary of α = 0° and α = 2° cases): in fact, as can be seen from Table 
4.8, the maximum stress is highest at 500 °C and then it slightly decreases at 800 °C. The 
“anomalous” value - in comparison to the trend that characterizes the stresses in all the 
previous analyses - at 500 °C has been interpreted as a consequence of an interaction of the 
exciting frequencies of the flow (in particular the peaks previously shown at 62 - 65 Hz) 
with the corresponding natural one of the structure at this temperature (4th natural 
frequency at 62.088 Hz, cf. Table 4.1). 
 
4.4.5 Results for α = 2° 
CFD steady simulation 
Fig. 4.89 shows Mach field in X-Y plane; the corresponding picture for X-Z plane is 
similar to the one for α = 0°. The far field velocity vector in this simulation has the 
following components: 
 X component equal to - 272.33 m/s. 
 Y component equal to 9.51 m/s. 
 Z component equal to 0 m/s. 
The only additional comment that has to be done in comparison with the ones at α = 1° is 
the complete disappearance of the supersonic zone in correspondence of the rear junctions 
of the launcher. 
Considerations quite similar to the ones done for the corresponding images calculated at α 
= 1° can be expressed also for figures from Fig. 4.90 to Fig. 4.94. 
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Fig. 4.89 - Mach field in X-Y plane (α = 2°) 
Fig. 4.90 - Vectorial scene of the velocity base flow field in X-Y plane (α = 2°) 
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Fig. 4.91 - Pressure field on the Vulcain 2 nozzle (windward side, α = 2°) 
 
Fig. 4.92 - Pressure field on the Vulcain 2 nozzle (wind protected side, α = 2°) 
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CFD unsteady simulation 
Mach, velocity, pressure and wall shear stress fields in this case are quite similar to the 
ones shown for the steady simulation: for this reasons, will not be displayed. Fig. 4.95 and 
Fig. 4.93 - Wall shear stress field on the Vulcain 2 nozzle (windward side, α = 2°) 
 
Fig. 4.94 - Wall shear stress field on the Vulcain 2 nozzle (wind protected side, α = 1°) 
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Fig. 4.96 represent streamline scenes for velocity magnitude and vorticity magnitude in the 
rear part of the launcher:  these pictures, extracted at a simulation time of 6.2 s, show flow 
configurations similar to the corresponding ones for α = 1° simulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.95 - Streamline scene of velocity magnitude in the rear part of the launcher (α = 2°) 
 
Fig. 4.96 - Streamline scene of vorticity magnitude in the rear part of the launcher (α = 2°) 
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Fig. 4.97 through Fig. 4.102 display the FFT diagrams for total (i.e. on the whole launcher) 
drag, Y total lateral force, Z total lateral force and the corresponding ones on the Vulcain 2 
nozzle. These frequency plots present again the high energetic content at low frequency, 
already shown for the corresponding diagrams at α = 0°, associated with the buffeting: 
however in this case the peaks at low frequency are more defined and the values involved 
are of one (two) - depending on the plot considered - order(s) of magnitude higher than the 
ones found for FFTs at α = 0° (and also than the ones at α = 1°). 
In this case it has been decided to demonstrate that the behaviour at low frequency is 
directly correlated to the recirculation bubble (and therefore with the buffeting 
phenomenon) in the rear region of the launcher: to do this, it has been considered a Point 
Probe (created in the Derived Part section of STAR-CCM+) located in this region (Fig. 
4.103) and, creating corresponding Reports and Monitors (cf. paragraph 4.1), have been 
calculated the values of vorticity magnitude and total pressure in this point (Fig. 4.104 and 
Fig. 4.105). As can be seen from Fig. 4.104 and Fig. 4.105, the low frequency content 
characterizes also these plots: this behaviour has been assumed as proof of the truthfulness 
of the previous assertion. 
 
 
 
Fig. 4.97 - FFT diagram of total drag (α = 2°) 
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Fig. 4.98 - FFT diagram of total Y lateral force (α = 2°) 
 
 
 
Fig. 4.99 - FFT diagram of total Z lateral force (α = 2°) 
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Fig. 4.100 - FFT diagram of drag on the Vulcain 2 nozzle (α = 2°) 
 
 
 
Fig. 4.101 - FFT diagram of Y lateral force on the Vulcain 2 nozzle (α = 2°) 
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Fig. 4.102 - FFT diagram of Z lateral force on the Vulcain 2 nozzle (α = 2°) 
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Fig. 4.103 - Location of the point probe used in STAR-CCM+ unsteady analyses 
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Fig. 4.104 - FFT diagram of the vorticity magnitude in the point probe 
 
 
 
Fig. 4.105 - FFT diagram of the total pressure in the point probe 
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FEM static analysis 
Table 4.10 summarizes the maximum Von Mises stress in the element 1131; for the rest, 
the same considerations done for the other analyses can be repeated in this case. 
Table 4.11 lists the displacements calculated at α = 2° and at different temperatures for the 
“sample” node 6096 (cf. introduction to paragraph 4.4). Fig. 4.106 shows the 
displacements of the nozzle (with an amplification factor of 100) at room temperature 
(similar images can be obtained for the other two temperature conditions). As can be seen, 
a behaviour similar to the one shown for α = 1° simulation is also present in this case. 
 
 
Temperature 
Max Von Mises stress on element 1131 
(MPa) 
21 °C 114.383 
500 °C 114.364 
800 °C 114.357 
 
Table 4.10 - Von Mises stress in element 1131 (α = 2°) 
 
 
Fig. 4.106 - Displacements of the Vulcain 2 nozzle at room temperature (α = 2°) 
 
Analyses and results  
 
 
 
 
138 
 
  
 
Temperature Displacement for node 6096 (mm) 
21 °C 0.964 
500 °C 1.164 
800 °C 1.500 
 
Table 4.11 - Displacements for node 6096 (α = 2°) 
 
Both the displacements and the stresses found are lower than the ones calculated for α = 1° 
static analyses. 
 
FEM dynamic analyses 
Fig. 4.107 plots the history of stresses (Von Mises, Topmost layer) in each node of the 
element 1131 while Fig. 4.108 represents the history of displacement in the node 6096, 
both at room temperature. The maximum value found for the previous stresses is 267.9 
MPa while the maximum displacement is equal to 1.916 millimetres. Similar graphs for 
high temperature analyses can be obtained through the command XY Data of ABAQUS: 
these plots will not be displayed and the main results from them, in term of maximum 
stress and displacement, are summarized in Table 4.12 and Table 4.13 respectively.  
 
 
Fig. 4.107 - History plot of the Von Mises stress in the nodes of the element 1131 at room temperature (α = 2°) 
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Fig. 4.108 - History plot of the displacement in the node 6096 at room temperature (α = 2°) 
 
Temperature 
Max Von Mises stress on element 1131 
(MPa) 
21 °C 267.9 
500 °C 292.33 
800 °C 300.97 
 
Table 4.12 - Maximum Von Mises stress on the element 1131 at different temperatures (dynamic analyses, α = 2°) 
 
Temperature Max displacement for node 6064 (mm) 
21 °C 1.916 
500 °C 2.278 
800 °C 3.139 
 
Table 4.13 - Maximum displacement for the node 6096 at different temperatures (dynamic analyses, α = 2°) 
 
Comparing the values from Table 4.12 and Table 4.13 with the ones obtained for α = 1° 
dynamic analyses, it can be seen that both the maximum stress and displacements are 
lower. 
In this way, it has been shown that the flight condition at α = 1° is the most heavy for the 
stresses (and therefore for the loads) in the nozzle structure (the equivalent used to describe 
the behaviour of the real one), while the maximum displacements develop for α = 0° 
analyses. 
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5. Preliminary structural life analyses 
The purpose of this chapter is to perform preliminary investigations on fatigue and fracture 
phenomena of the Vulcain 2 nozzle, using the data calculated in chapter 4: these studies, 
conducted at room temperature and for the most heavy flight condition (α = 1°, cf. chapter 
4), should be better investigated in future works through more refined numerical analyses - 
considering the effect of the temperature for fatigue and using appropriate software [24] to 
calculate the crack growth - and validate through experiments on the real component.   
 
5.1 Fatigue  
Before going into the details of the fatigue studies performed in this thesis, it is important 
to make some considerations on the stresses found in FEM analyses. First of all, the mesh 
generated in ABAQUS does not allow to grab totally the effects of the secondary bending 
associated with the high frequency modes: this phenomenon influences considerably the 
stress in correspondence of the weld joints between the two skins (especially the external 
one) and the stiffening (and therefore the one in the “sample” element 1131, that is 
delimitated by two consecutive stiffening). Another aspect regards the effect of the 
welding processes on the material microstructure, which produces locally - in the so called 
Heat-Affected Zone (HZA) - an intensification of the stresses. For these reasons, it has 
been decided to consider these effect using a geometric stress concentration factor Kt equal 
to 1.7; to perform a most conservative study, this parameter it has been considered equal to 
the fatigue concentration factor Kf  ( Kf = 1 + (Kt -1)∙q, where q is the notch sensitivity 
factor and Kf ≤ Kt). 
As concerns the fatigue life estimation, being the loads considered randomly varying (cf. 
Fig. 4.87) it has been used the Miner rule, expressed by the following equation [23]: 
 
𝑛1
𝑁1
+ 
𝑛2
𝑁2
+ ⋯ +  
𝑛𝑘
𝑁𝑘
= 𝑑 
 
where d is the predicted cumulative fatigue-damage ratio (d = 1 corresponds to the failure 
condition), n1, n2, …, nk represent the number of cycles at specific overstress levels and N1, 
N2, …, Nk represent the life (in cycles) at these overstress levels.  
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First of all, it has been considered the data correlated to the node of the element 1131 
which presents the maximum stress: this is the node 1308_1 (cf. Fig. 4.87, which 
represents the history plot for the Von Mises stress in all the node of the element 1131, for 
room temperature and α = 1° conditions) and the plot history of its Von Mises stress (i.e. 
the one strictly correlated to the equivalent alternate stress, cf. [23]) is shown in Fig. 5.1. 
 
 
 
Fig. 5.1 - History plot of the Von Mises stress in the node 1308_1 of the element 1131 (room temperature, α = 1°) 
 
As can be seen from the previous picture, the most heavy load condition is present during 
the “aerodynamic fluctuations” phase (simulation time between 0.1 s and 0.2 s): therefore, 
the values of the peaks (maxima and minima) during this time interval has been exported 
from ABAQUS to Excel, it has been calculated the mean stress σm (equal to 127.333 MPa) 
and then the ∆σ, these last necessary to calculate the various alternate stresses during the 
previously quoted load history (their temporal distribution from 0.1 s to 0.2 s is shown in 
Fig. 5.2). The mean stress, multiplied by Kf, was used to draw the “modified” Wöhler 
curve for this load case (see next). 
Starting from Fig. 5.2, it has been plotted a sort of “diagram of exceedances” (Fig. 5.3): 
this graph permits to calculate the number of events (exceedances) which overcome a fixed 
value or are in a range of a given ∆σ. Considering that the alternate stress (that is the input 
parameter in the Wöhler curve) is equal to the following expression: 
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𝜎𝑎 =  
∆𝜎
2
∙  𝐾𝑓 
 
it is possible to create a corresponding “diagram of exceedances” for the alternate stress 
(Fig. 5.4). In the reality, each peak obtained in this diagram should be considered has input 
value for the “modified” (i.e. with a mean stress) Wöhler curve: nevertheless, the results 
are quite similar if the number of peaks is computed in a given range of ∆σ (as long as 
small), considering for each of these intervals a mean value of the alternate stress.  
 
 
 
Fig. 5.2 - Temporal distribution of the Von Mises ∆σ during the simulation time interval 0.1 s - 0.2 s 
 
For this reason, it has been decided to consider ∆σ intervals of 20 MPa. Table 5.1 
summarizes for each ∆σ the mean alternate stress (calculated in Excel considering the 
values of the peaks that lie in the considered range) and the number of peaks (extracted 
from Fig. 5.4): these last are the nk that have been used in the Miner rule while the previous 
mean alternate stresses are the ones used as inputs in the “modified” Wöhler curve, from 
which have been calculated the Nk values. 
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Fig. 5.4 - “Diagram of exceedances” for the alternate stress during the simulation time interval 0.1 s - 0.2 s 
 
The next step has been the calculation of the “modified” Wöhler curve, starting from the 
standard one for Inconel X-750 (Fig. 5.5 [21]) obtained from Moore’s test (reversed 
bending and room temperature). 
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Fig. 5.3 - “Diagram of exceedances” for Von Mises ∆σ during the simulation time interval 0.1 s - 0.2 s 
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∆σ (MPa) Mean σa (MPa) Number of peaks (nk) 
0 - 20 13.412 8 
20 - 40 31.377 16 
40 - 60 50.696 27 
60 - 80 68.632 33 
80 - 100 89.172 27 
100 - 120 109.049 33 
120 - 140 127.569 34 
140 - 160 150.172 27 
160 - 180 168.937 15 
180 - 200 187.409 4 
 
Table 5.1 - Summary of the mean alternate stress and of the number of peaks for each ∆σ interval 
 
 
  
 
 
 
 
 
 
 
 
 
Using the equations and the values of Fig. 5.6 [23], it has been constructed the Goodman 
diagram for the material and the load conditions (essentially axial loads and bending) of 
the Vulcain 2 nozzle. The value of Sn' has been extracted from Fig. 5.5, considering an 
endurance limit of 30 ksi (about 207 MPa) in correspondence of 108 cycles while Su - i.e. 
the ultimate tensile strength, necessary to calculate the strength at 103 cycles (at which the 
effect of a mean stress is negligible) - is equal to the one of the material at room 
temperature, that is 1285 MPa.  
Fig. 5.5 - Wöhler curve for Moore test conditions of Inconel X-750 
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Fig. 5.6 - Equations and values used to plot the Goodman diagram 
See next Figure 
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Fig. 5.7 - The Goodman diagram 
Fig. 5.7 shows the Goodman diagram obtained from the previous calculations (it has been 
drawn only the infinite life curve at 108 cycles): Sn is equal to 112 MPa, CL = 1, CG = 0.9, 
CS = 0.8, CT = 1, CR = 0.753 and Sf (calculated through the formula for the bending and 
used for the “modified” Wöhler curve) is equal to 1156.5 MPa. It is important to note that 
the previous graph plots the mean equivalent (σem) and alternate equivalent (σea) stresses: 
the first has been considered equal to the mean stress multiplied by Kf (σm = 216.466 MPa) 
- even if in the reality, for a biaxial load condition, it should be calculated through the 
Mohr circle, considering the maximum principal stress - while the second (equal to Von 
Mises stress) has been extracted from this plot and used as endurance limit value for the 
“modified” Wöhler curve (the value obtained is 93.124 MPa). 
 
 
 
 
 
 
 
 
 
 
The “modified” Wöhler curve is shown in Fig. 5.8: this has been approximated (due to the 
absence of other data) with a linear behaviour until 108 cycles and then a constant one, 
even if in the reality (as can be seen from Fig. 5.5) doesn’t present a well-defined knee.  
Using the values of the alternate stress of Table 5.1 as inputs in the plot of Fig. 5.8, it has 
been possible to extract the corresponding cycles (i.e. the Nk values of Miner rule), which 
are summarized in Table 5.2: notice that all the stresses below the calculated endurance 
limit Sn don’t contribute to fatigue-damage and therefore they were not considered in the 
above table. 
 
 
108 cycles 
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Mean σa (MPa) Number of peaks (nk) Life (Nk, cycles) 
109.049 33 8.05 ∙ 107 
127.569 34 6.95 ∙ 107 
150.172 27 5.3 ∙ 107 
168.937 15 4.2 ∙ 107 
187.409 4 3.1 ∙ 107 
 
Table 5.2 - Summary of nk and Nk values of the Miner rule for the various mean σa 
 
Then, applying the Miner rule, it has been found a value of d = 1.894 ∙ 10-6: this is the 
cumulative fatigue-damage ratio for 0.1 s. Considering that the history plot considered for 
the stresses is a “sample” for the whole load history of the component (i.e. the time of the 
Vulcain 2 engine operation, equal to 531 s) and applying a scatter factor of 4 (from the 
military handbook MIL-HDBK-5, in order to take into account the variability of the data 
and other uncertainties [25]), it has been calculated the fraction of life consumed during the 
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operative life, found equal to 4%. Using similar considerations, the time necessary to reach 
the failure condition (d = 1) is about 13199 s (3.66 hours). 
On the basis of the previous analysis, the component presents no fatigue problems during 
its operative life. Nevertheless, the experience has shown considerable limitations in the 
use of the Miner rule: in fact, although in most cases the failure takes place in accordance 
with this method, there is a strong dispersion and the prediction performed can be 
significantly non-conservative (this is typically due to local plasticization). Other aspects 
that have to be considered in the interpretation of the previous result are the following: 
 The analysis has been done for the material at room temperature: in reality the 
temperature will be much higher and thus the fatigue strength lower (the endurance 
limit disappears at high temperature). 
 The Goodman diagram is not conservative: in fact it has been drawn for biaxial 
load condition while in the reality the component will be subjected to a triaxial load 
condition, with bending, axial and torsional loads (for this condition, there aren’t 
empirical correlations which permit to calculate it). 
 The stresses considered are not conservative: in fact, it has been considered the load 
history without the “real” ignition transient of the engine (during which several 
fatigue cycles will be accumulated) and a relative low value of Kt (which in a case 
similar to the one analyzed can vary between 1.5 and 2.5). 
Therefore the real life of the component could be significantly smaller than the one 
previously calculated. Moreover fatigue analysis doesn’t predict when a crack will start or 
how fast it will grow: it simply calculates how many cycles at a particular stress level are 
typically needed to induce failure, assuming the material has no initial cracks and these last 
develop from microscopic defects (fatigue damage) after a certain number of load cycles. 
On the other hand, fracture-mechanics analysis allows to predict how much the crack will 
grow with each loading cycle, starting with a known or assumed crack of a specific size in 
a particular location and orientation in the component: through iterative calculations, the 
crack growth rate is adjusted for each loading cycle, as the load varies and the crack gets 
larger. These calculations are done through all expected loading events to estimate the final 
crack size, unless the failure condition (i.e. when the crack growth becomes unstable) does 
not occur before. In the space industry, the typical procedure used by the engineers is to 
assume flaws or cracks of the minimum visible size (compatible with the available 
inspection techniques) in the most critical location of the part: therefore the component is 
designed so that such a crack will not jeopardize mission success. A typical flow that has 
to be satisfied so that the structure can be considered acceptable for the fracture mechanics 
analysis is detailed in Fig. 5.9: this shows the fracture-control requirements for 
NHB8071.1 regulation [25]. 
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On the light of above, fracture mechanics analysis is more conservative than fatigue 
analysis, because most components won’t have an initial flaw in the critical location. 
Fatigue analysis considers the extra life a material has before a crack forms while fracture 
mechanics analysis more accurately estimates remaining life only if a crack of the assumed 
size at the assumed location and orientation already exists. Therefore fracture mechanics 
analysis, when applied properly, can provide the confidence required for certain materials, 
structures and missions. For these reasons, a fracture investigation, although very 
preliminary, will be performed in the next paragraph. 
 
 
Fig. 5.9 - Fracture-control requirements for NHB8071.1 regulation 
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5.2 Fracture  
5.2.1 Introduction 
In this paragraph will be studied fracture mechanics for the structure of the Vulcain 2 
nozzle: in particular will be analyzed the propagation of a crack which start from an initial 
visible flaw (for example a scratch) on the external surface of the component, in 
correspondence of one of the two stiffening that delimitate the element 1131. Two phases 
of crack growth will be considered: the first, corresponding to a sort of crack “nucleation”, 
during which the initial flaw propagates in the thickness until it becomes a well-defined 
through-the-thickness crack, and the second, in which the crack propagates in axial 
direction (eventually reaching the unstable conditions). 
Fig. 5.10 [25] provides general informations on the minimum size of the initial flaw visible 
with the commonly used NDE (Non Destructive Evaluation) methods. 
 
 
  
  
 
 
 
 
 
 
The main equations used to perform the fracture mechanics analyses are listed below (for a 
detailed discussion of the formulas and the procedures necessary for the previous studies, 
see [26] and [23]): 
𝐾𝑚𝑎𝑥 =  𝜎𝑚𝑎𝑥 ∙ 𝑌 ∙  √𝜋 ∙ 𝑎    (I) 
𝐾𝑚𝑖𝑛 =  𝜎𝑚𝑖𝑛 ∙ 𝑌 ∙  √𝜋 ∙ 𝑎     (II) 
∆𝐾 =  𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛 =  ∆𝜎 ∙ 𝑌 ∙  √𝜋 ∙ 𝑎       (III) 
Fig. 5.10 - Surface cracks detectable with standard NDE methods 
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{(
∆𝑁1−2
𝑤
) ∙  (
𝑑𝑎
𝑑𝑁
)
0
}  ∙  {
∆𝜎∙ √𝜋∙𝑤
∆𝐾0
}
𝑛
=  ∫ (𝑌 ∙  √𝛼)
−𝑛
𝑑𝛼
2
1
− (𝑌𝑐𝑟 ∙  √𝛼𝑐𝑟)
−𝑛
∙ (𝛼2 − 𝛼1)       
(IV) 
𝑌𝑐𝑟 =  
𝐾𝐼𝐶
𝜎𝑚𝑎𝑥 ∙√𝜋∙𝑎𝑐𝑟
       (V) 
 
where: 
Kmax = maximum value of the stress intensity factor K. 
Kmin = minimum value of the stress intensity factor K. 
Y = configuration factor (to account for the particular geometry and loading). 
a = crack size.  
∆σ = (σmax - σmin)  it has been considered a fixed value, relative to the circumferential 
stress of the element 1131 nodes (Topmost layer) which lie in correspondence of the 
stiffening (i.e. the location of the initial flaw). The history plot of these stresses is shown in 
Fig. 5.11: the node with the maximum excursion is the number 1159_1, with                    
σmax = 256.709 MPa and σmin = - 66.025 MPa.  
w = specimen size.   
 
 
 
Fig. 5.11 - History plot of the circumferential stresses of the element 1131 nodes on the location of the initial flaw 
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∆N12 = variation in the number of cycles between the conditions 1 and 2. 
(
𝑑𝑎
𝑑𝑁
)
0
 = initial value on the vertical axis of the fatigue crack growth rate curve (Fig. 5.12 
[27]); this is equal to 2∙10-5 mm/cycles. 
 
 
 
 
 
 
 
 
 
∆K0 = initial value on the horizontal axis of the fatigue crack growth rate curve (Fig. 5.12); 
this threshold value (below this one no flaw propagates) is equal to 20 𝑀𝑃𝑎 ∙ √𝑚. 
n = material constant; this is usually equal to 4 (that is the value used in this thesis). 
α = a / w = normalized crack size. 
αcr = acr / w = normalized crack critical size (i.e. the size at which the propagation of the 
crack becomes unstable, with a suddenly crack growth). 
KIC = fracture toughness for I mode (tensile loading) of the Inconel X-750. The value used 
for these analyses has been calculated from [28] and is equal to 193 𝑀𝑃𝑎 ∙ √𝑚. 
As for σmax, the value previously indicated concerning the standard material; in reality, 
considering that the initial flaw is in correspondence of the weld of the stiffening, the value 
of σmax used for the analyses of the “nucleation” phase is the standard one (i.e. 256.709 
MPa) multiplied by Kt = 1.7 and therefore is equal to 436.405 MPa. The “nucleation” of 
the crack, starting from the initial flaw, is triggered only by the maximum amplitude 
cycles: therefore, during this phase, only the ∆σ higher than a fixed threshold value 
(considered for simplicity equal to the standard σmax) have been considered. For this 
reason, this phase has been studied numerically; indeed, as during the “out-and-out” 
Fig. 5.12 - Fatigue crack growth rate for Inconel X-750 at various temperatures 
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propagation (i.e. in axial direction) of the previously nucleated crack all the cycles (in their 
real sequence) contribute to the crack growth, the problem has just been set theoretically 
and its resolution (which requires the use of crack growth programs) has been assigned to 
future analyses. 
 
5.2.2 “Nucleation” phase 
The zone of the initial microscopic scratch is subjected to bending and tensile load: 
therefore these two load conditions have been studied and, due to the fact that graphs for 
combined loads are not present in the literature, they have been considered separately. As 
will be demonstrate later, during this phase the initial flaw never reaches the critical 
conditions (because long before of these the scratch becomes a through-the-thickness one): 
this behaviour justifies the choice to consider this period a “nucleation” phase. 
Fig. 5.13 [29] plots the variation of the configuration factor Y (equal to the ratio KI / K0 in 
the figure) for various c / b and c / a ratios (see the image in the same picture for the 
meanings of the various parameters) in a case of semi-elliptical edge crack in a slab 
subjected to pure bending. For the studies of this thesis, b = w = 1.7 mm (cf. chapter 3), the 
ratio c / a has been chosen equal to 0.2 (quite heavy and conservative hypothesis) while the 
ratio c / b has been considered variable, with a maximum value of about 0.5 (i.e. an initial 
depth of the flaw at most equal to half the thickness of the external skirt of the nozzle).  
Fig. 5.13 - Configuration factor for point A on a semi-elliptical edge crack in a slab subjected to pure bending 
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As previously mentioned, for the nucleation phase it has been considered only the ∆σ 
higher than a threshold value, set up equal to the standard σmax. Using a procedure similar 
to the one adopted for fatigue analysis, the various ∆σ have been extracted from Fig. 5.11 
(considering only the simulation time between 0.1 s and 0.2 s, i.e. the one corresponding to 
the stationary aerodynamic fluctuations) and have been plotted in Fig. 5.14 (which 
provides their temporal distribution) and Fig. 5.15 (that can be considered as a “diagram of 
exceedances” for the ∆σ associated with the circumferential stress).  
 
 
Fig. 5.14 - Temporal distribution of the circumferential ∆σ during the simulation time interval 0.1 s - 0.2 s 
 
 
Fig. 5.15 - “Diagram of exceedances” for the circumferential ∆σ during the simulation time interval 0.1 s - 0.2 s 
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Using the data of the previous figures, it has been calculated the number of ∆σ which 
exceed the threshold value (equal to 7) and the mean value of these seven ∆σ, equal to 
270.557 MPa (this last value, multiplied by Kt = 1.7, will be used for next calculations). 
For each initial flaw size (and then corresponding ratio c / b), it has been extracted from 
Fig. 5.13 the corresponding value of Y and, using the equation (III), it has been calculated 
the resultant ∆K (with a ∆σ = 270.557∙1.7 = 459.947 MPa): the results of these calculations 
are summarized in Table 5.3. 
 
Initial size of flaw (c, mm) c / b Y (= KI / K0) ∆K (𝑴𝑷𝒂 ∙ √𝒎) 
0.1 0.059 1.0 8.147 
0.2 0.118 0.95 10.95 
0.3 0.176 0.90 12.72 
0.4 0.235 0.87 14.19 
0.5 0.294 0.82 14.94 
0.6 0.353 0.78 15.58 
0.7 0.412 0.75 16.36 
0.8 0.471 0.72 16.60 
0.9 0.529 0.70 17.13 
 
Table 5.3 - Summary of the results of the calculations performed for pure bending load during the “nucleation” phase 
 
As can be seen from the previous table, ∆K never exceeds ∆K0 and therefore, applying this 
load condition, the initial flaw does not propagate (this is also the reason for which in this 
case were not calculated the critical values of the crack). 
Fig. 5.16 [23] plots the variation of the configuration factor Y for various a / t and a / c 
ratios (see the image in the same picture for the meanings of the various parameters) in a 
case of semi-elliptical surface crack in a slab subjected to a uniform uniaxial tensile load.  
For the performed analysis, t = w = 1.7 mm (cf. chapter 3), the ratio a / c has been chosen 
equal to 0.2 (the same of the previous case) and similar considerations to the ones done in 
the previous case for the ratio c / b has been considered also in this case for the ratio a / t.   
For each initial flaw size (and then corresponding ratio a / t), it has been extracted from 
Fig. 5.16 the corresponding value of Y and, using the equation (III), it has been calculated 
the resultant ∆K (∆σ = 459.947 MPa): the results of these calculations are summarized in 
Table 5.4. It is important to note that this case is heavier than the one of pure bending, as 
can be easily understood comparing the Y values in the two cases. 
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Initial size of flaw (a, mm) a / t Y ∆K (𝑴𝑷𝒂 ∙ √𝒎) 
0.1 0.059 1.056 8.61 
0.2 0.118 1.062 12.24 
0.3 0.176 1.068 15.08 
0.4 0.235 1.074 17.51 
0.5 0.294 1.080 19.68 
0.6 0.353 1.085 21.66 
0.7 0.412 1.091 23.53 
0.8 0.471 1.097 25.32 
0.9 0.529 1.100 26.91 
 
Table 5.4 - Summary of the results of the calculations performed for uniform uniaxial tensile load during the “nucleation” 
phase 
 
The flaw critical size has been calculated - using the equation (V) with Ycr equal to the 
corresponding one found for the considered initial size and σmax = 436.405 MPa - for an 
initial size of 0.6 mm (as can be seen from Table 5.4, this is the first value at which ∆K 
exceeds the threshold value) and of 1.6 mm (a value of 1.7 mm makes no sense because it 
would mean that the flaw is already through-the-thickness): the first is equal to 52.884 mm 
while the second is equal to 24.319 mm. As all the other values are between these two, in 
this way it has been demonstrate that the initial flaw never reaches the critical conditions 
because long before it becomes a through-the-thickness one. 
Fig. 5.16 - Configuration factor for point A on a semi-elliptical surface crack in a slab subjected to a uniform uniaxial 
tensile load 
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At this point, it has been fixed the initial flaw size to a value of 0.6 mm (that is the first that 
exceeds the threshold value) and, using the equation (IV), it has been calculated the 
number of cycles (and therefore the time) necessary to obtain a through-the-thickness flaw. 
As for the application of the formula (IV), the Y in the integral is the law of variation of 
this parameter for a / c = 0.2, the value of ∆σ is 459.947 MPa and the values of other 
parameters are the one mentioned in the subparagraph 5.2.1; due to the high values of acr 
(and so of the corresponding αcr), the term outside the integral in the second member is 
negligible and therefore it has not been considered for the calculations in Excel. The 
extreme 1 of the integral corresponds to the initial size of the flaw while the extreme 2 is 
left free, in order to plot the variation of the flaw size with the number of cycles (Fig. 
5.17).  
 
 
 
 
 
 
 
 
 
 
 
 
 
From the previous analysis it can be seen that the flaw becomes through-the-thickness after 
13150 cycles: considering that in 0.1 s there are 7 cycles of this amplitude, the time 
necessary for the complete propagation into the thickness of the initial flaw is equal to 
187.86 s (about 3’8’’). Considering that a / c = 0.2, when a = 1.7 mm c becomes equal to     
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Fig. 5.17 - Flaw growth rate during the “nucleation phase” 
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c = 8.5 mm: these data will be used as initial dimensions for the crack, during the 
propagation phase in the axial direction. 
 
5.3.3 Axial propagation phase 
This phase starts with a through-the-thickness crack located on the element 1131, in 
correspondence of the weld of the stiffening, and which has a depth of 1.7 mm and an axial 
size of 8.5 mm (c = a / 0.2 = 8.5 mm from previous calculations).  
The model that describes this situation is quite similar to the one of Fig. 5.18 [23], which 
shows the variation law of the configuration factor Y in a through-the-thickness central 
crack subjected to uniform uniaxial tensile load. In this case, 2h is equal to distance 
between two consecutive stiffening (h is about 50 mm) while 2w is the axial size of the 
element 1131 (on which has been calculated the load history of Fig. 5.14).  
 
 
Fig. 5.18 - Rectangular sheet with a through-the-thickness central crack subjected to a uniform uniaxial tensile load 
 
The procedure and the equations that has to be used to obtain the crack growth rate in this 
case are quite similar to the ones of the subparagraph 5.3.2, except for a fundamental 
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difference: in fact in this case all the ∆σ have to be considered (and not only the maximum 
ones, as for the previous case) because each of them contributes to the crack propagation. 
Another crucial aspect is the sequence of application of loads: in fact, in order to obtain a 
realistic behaviour of the crack rise, it is necessary to integrate the whole load history (Fig. 
5.14) cycle-by-cycle, considering as initial crack size for each cycle the one calculated for 
the previous cycle and as ∆σ the one associated to the considered cycle. In this way, 
applying iteratively the formulas (IV) and (V) - and considering the load history of Fig. 
5.14 as “sample” for the whole operation of the component - it is possible to calculate the 
number of cycles necessary so that the crack reaches the critical propagation condition. If 
the time for the critical condition is higher than 342 s (i.e. the difference between the 
operation time of 530 s and the “nucleation” time of about 188 s), then the component do 
not fail in presence of a such crack. On the contrary, an eventual attainment of the critical 
condition does not determine the failure of the structure due to the fact that the Vulcain 2 
nozzle is Fail-Safe: in fact, it has multiple-load paths and, in a case of fail of the outer skirt 
(the one associated with the element 1131), there is still the inner one to support the loads 
(or vice versa). 
The calculations necessary to validate the previous considerations are quite complex and 
require the use of appropriate crack growth programs, such as NASGRO [24], and an 
experimental campaign to confirm the previous results: these operations are beyond the 
purposes of the preliminary analyses performed in this thesis and therefore should be 
detailed in other works. 
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6. Conclusions and future works 
 
The fluid-structure preliminary investigations of this thesis on the buffeting phenomenon 
of the Vulcain 2 nozzle have conducted to the following conclusions: 
 From the CFD steady simulations of the external flow, it has been possible to show 
the Mach fields around the whole launcher and the vectorial velocity fields on its 
rear part: the firsts have allowed to individualize the various shock waves - located 
in correspondence of the lower parts of the cones, on the rear divergence elements 
of the boosters, on the lower part of the fairing and on the rear junctions - while the 
seconds have permitted to show the recirculation bubble in the region near the 
nozzle. Moreover it has been demonstrate a reduction of the supersonic regions and 
of the recirculation zone when there is an increase of the angle of attack. Other 
fields shown in these analyses are the ones of the pressures and of the wall shear 
stresses on the nozzle: these fields are symmetrical for α = 0° (with a maximum of 
pressure on the sides viewing the boosters and a maximum of shear stress on the 
exit thickness) while lose the symmetry for α = 1° and α = 2° (with more complex 
pressure and wall shear stress fields).  
 The CFD steady simulation of the Vulcain 2 engine has allowed to calculate the 
Mach profile of the internal flow (with a maximum Mach value at exit section of 
about 3.7) and the pressures and wall shear stresses on the inner wall of the nozzle 
extension (useful for static and dynamic FEM studies). 
 As for the CFD unsteady simulations, the draw of the streamlines has permitted a   
better visualization of the recirculation bubble on the rear region of the launcher, 
showing a more chaotic behaviour in this zone with the increase of the angle of 
attack. Using the data of the forces - on the whole launcher and on the nozzle - 
extracted from these simulations, it has been possible to plot the corresponding FFT 
diagrams at various flight conditions: a common feature in this graphs is the high 
energetic content of the signal at low frequencies (i.e. the ones strictly correlated to 
the buffeting, as demonstrated for α = 2° configuration). Nevertheless, other 
predominant frequencies (still referable to fluid-dynamic instabilities of the base-
flow) have been found for α = 1°: the presence of these peaks (with values of         
30 Hz, 62 - 65 Hz and 78 Hz) and their possible interaction with the natural 
frequencies of the structure have been assumed as possible justifications for the 
highest loads found in the dynamic analyses at this angle of attack (see next). 
Finally, it has been shown that the values of the amplitudes involved for α = 2° FFT 
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plots are one (two) - depending on the plot considered - order(s) of magnitude 
higher than the ones found for FFTs at α = 0° and α = 1°. 
 From the modal analyses, the first natural frequency of the structure - for a realistic 
temperature condition (assumed varying between 500 °C and 800 °C) - is in the 
range of 40 Hz and produce an ovalization mode: therefore, as can be seen through 
a comparison with the frequencies found in the FFT plots, the natural frequencies 
of the structure don’t interact directly with the typical ones of the buffeting (under 
40 Hz), to except of those found at α = 1° (as previously demonstrated). 
Nevertheless, also in the other analysed flight conditions (in which cannot never be 
reached the resonant conditions, as instead can happen for α = 1°) this phenomenon 
produces an increase of the side-loads on the structure. 
 The static analyses have shown that, for a given flight condition, the stresses 
decrease (even if with a small decrement) while the displacements increase with 
increasing temperatures: in particular, the stresses are maximum at α = 1° and at 
room temperature (with a value of 114.736 MPa) while the maximum displacement 
develops at α = 0° and at 800° C (with a value of 1.64 mm). The maximum stress is 
located on the external skin of the nozzle extension structure, between the inner 
section and the TEG structure, while the maximum displacement develops at exit 
section of the nozzle, on a region whose location varies on the basis of the 
considered flight condition (in general on the sides not leaned out on the two 
boosters and in particular, for α = 1° and α = 2°, the zones with maximum 
displacement are on the incoming flow flank). 
 The dynamic analyses have confirmed the locations of the maximum stress and 
displacement found in the static analysis. As concerns the maximum values of the 
displacements, they increase with increasing temperature and the highest one 
develops for α = 0° and at 800° C (with a value of 3.537 mm). As for the maximum 
values of the stresses, the highest values develop for α = 1° (according to the static 
behaviour) while their increasing trend with the temperatures, which characterizes 
the simulation at α = 0° and α = 2°, is lost (even if with a small discordance) for     
α = 1°, in which the highest value (equal to 307.58 MPa) has been found at 500 °C: 
this “anomaly”, in comparison to the previous trends, has been attributed to a 
particular interaction (that develops at this temperature) between the exciting 
frequencies (in particular the ones in the range of 62 - 65 Hz) and the natural ones 
of the structure (in particular the 4th one at 62.088 Hz). 
 Finally, in the preliminary structural life analyses (performed at room temperature 
and for the heaviest flight condition, i.e. α = 1°) it has been calculated the fatigue 
life of the Vulcain 2 nozzle (esteemed in about 3.6 hours) while, as for the fracture 
mechanics analyses, only the through-the-thickness propagation phase of an initial 
flaw (semi-elliptical flaw subjected to a uniform uniaxial tensile load, with an 
initial depth of 0.6 mm and located in the most stressed region of the structure) has 
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been studied (obtaining a time of about 3’8’’necessary to have a through-the-
thickness crack), since the axial propagation phase of the previously nucleated 
crack can be correctly studied only through specific software, as for example 
NASGRO. 
Starting from the preliminary analyses performed in this work, several future 
developments, which implement more refined models and therefore provide more accurate 
solutions, are possible: 
 The development of more realistic models for the launcher, both for CFD 
simulations (considering for example the Helium tanks in the rear region, the fuel 
tubes on the central body and the real arrangements for the junctions) and for FEM 
analyses (studying the actual structure of the Vulcain 2 nozzle). 
 The simultaneous study of the external flow (also for Mach numbers and angles of 
attack different from the ones considered in this thesis) and of the exhaust jets 
coming from all the engines of the launcher (possibly including combustion 
processes): this can be done through an improve of the mesh, increasing the number 
of cells (and then the available computational resources) or using specific programs 
for its optimization. 
 The use of the Co-Simulation Engine (CSE) for the coupling process between 
STAR-CCM+ and ABAQUS (considering also a “two-way” coupling procedure) in 
order to obtain a more accurate dynamic behaviour of the structure (for this purpose 
could be also necessary the running of a thermal-fluid analysis of the component). 
 As for structural life analyses, the carrying out of studies which take in account the 
real local temperature of the component (especially for fatigue investigations) and 
use ad-hoc programs (as the previously quoted NASGRO software) for the crack 
propagation, possibly followed from an experimental campaign that validates the 
previous data. 
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Appendix A 
K-Epsilon turbulence model 
This appendix is a general informations on the turbulence models existing in STAR-CCM+ 
[19], with a special focus on the K-Epsilon turbulence model and on its governing 
equation, in order to justify the values used in the CFD model of the Vulcain 2 engine (see 
Chapter 3). 
 
A1. Turbulence models in STAR-CCM+ 
The Reynolds-Averaged Navier-Stokes (RANS) equations are obtained from the 
instantaneous Navier-Stokes equations, decomposing the flow parameters - such as 
density, velocity, pressure, etc. - into a mean value and a fluctuating component. The 
averaging process may be thought of as time averaging for steady-state situations and 
ensemble averaging for repeatable transient situations. The RANS equations in the 
compressible case (i.e. with flows that have a Mach number M > 0.3, such as the one 
studied in this thesis) are listed below: 
𝜕?̅?
𝜕𝑡
+
𝜕?̅? ?̂?𝑖
𝜕𝑥𝑖
= 0 
𝜌
𝐷?̂?𝑖
𝐷𝑡
=  −
𝜕?̅?
𝜕𝑥𝑖
+ 
𝜕
𝜕𝑥𝑗
 [𝜇 (
𝜕?̂?𝑖
𝜕𝑥𝑗
+ 
𝜕?̂?𝑗
𝜕𝑥𝑖
−
2
3
 𝛿𝑖𝑗
𝜕?̂?𝑖
𝜕𝑥𝑖
)] + 
𝜕
𝜕𝑥𝑗
 (−𝜌?̂?𝑖
′?̂?𝑗
′) 
The first one is the continuity equation and the second one is the momentum equation; for 
the velocity, it has been done the density-weighted average ?̂? and therefore it can be 
written        as  𝑢 =  ?̂? + 𝑢′, where 𝑢′is the fluctuation term. The previous equations are 
essentially identical to the Navier-Stokes equations, to exception of an additional term that 
appears in the momentum transport equation. This additional term is a tensor quantity, 
known as the Reynolds stress tensor, which has the following definition: 
𝑻𝑡 =  − 𝜌?̂?𝑖
′?̂?𝑗
′ 
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Therefore the closure of the RANS equations requires the modelling of the Reynolds stress 
tensor in terms of the mean flow quantities: this is done through turbulence model, which 
however provide only an approximate representation of the real phenomena. The 
turbulence models that can be used for simulations in STAR-CCM+ are the following: 
 Spalart-Allmaras models. These are good for applications in which the boundary 
layers are largely attached and separation is mild if it occurs while are not suitable 
for flows dominated by free-shear layer or where complex recirculation occurs. 
Typical examples in which these models are applicable would be flow over a wing, 
fuselage or other aerospace external-flow applications. 
 Reynolds stress transport models. These are the most complex and computationally 
expensive and are suitable for flows in which the turbulence is strongly anisotropic. 
 K-Epsilon models. These provide a good compromise between robustness, 
computational cost and accuracy and are generally well suited to industrial-type 
applications that contain complex recirculation, with or without heat transfer. 
 K-Omega models. These are similar to K-Epsilon models in which two transport 
equations are solved, but differ in the choice of the second transported turbulence 
variable. They are used in several applications in the aerospace industry and they 
are recommended as an alternative to the Spalart-Allmaras models for similar types 
of applications. 
Another aspect that has to be chose in the turbulence modelling is the wall treatment: in 
STAR-CCM+ this is the set of near-wall modeling assumptions for each turbulence model. 
Three types of wall treatment are provided: 
 The high-y+ wall treatment assumes that the near-wall cell lies within the 
logarithmic region of the boundary layer. 
 The low-y+ wall treatment is suitable only for low-Reynolds number turbulence 
models: this treatment assumes that the viscous sub-layer is properly resolved. 
 The all-y+ wall treatment is a hybrid treatment that attempts to emulate the high-y+ 
wall treatment for coarse meshes, and the low-y+ wall treatment for fine meshes. It 
is also formulated with the desirable characteristic of producing reasonable answers 
for meshes of intermediate resolution (that is, when the wall-cell centroid falls 
within the buffer region of the boundary layer). 
For the purposes of this thesis, the K-Epsilon turbulence models have been chosen because 
they don’t require excessive computational resources and at the same time provide good 
results also in the case of very complex flow, such as the one existing in the recirculation 
zone near the Vulcain 2 nozzle and inside the same engine. As concern the wall treatment, 
the all-y+ treatment has been selected for its flexibility; there are several versions of this 
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treatment for the K-Epsilon turbulence models: in particular, the Two layer all- y+ wall 
treatment has been used. 
 
A2. K-Epsilon turbulence model 
The K-Epsilon turbulence model is a two-equation model in which transport equations are 
solved for the turbulent kinetic energy K and the dissipation rate ε - that is the variable 
correlated with the turbulent length scale. In this model, the Reynolds stress tensor is 
modeled as function of the turbulent viscosity μt and of the mean flow quantities, using the 
Boussinesq approximation: 
𝑻𝑡 = 2𝜇𝑡𝑺 −
2
3
 ( 𝜇𝑡∇ ∙ 𝒗 +  𝜌𝐾)𝑰 
where S is the strain tensor: 
𝑺 =  
1
2
 [∇𝒗 + (∇𝒗)𝑡] 
 
K is the turbulent kinetic energy, ρ is the density and v is the velocity vector. 
Various forms of the K-Epsilon model - with the associated wall treatments - have been in 
use for several decades, and it has become the most widely used model for industrial 
applications. The type that has been used in this thesis is the Realizable Two-Layer K-
Epsilon model: this is a reasonable choice, if there is uncertainty as to which turbulence 
model to use in a given situation. The two-layer approach allows the K-Epsilon model to 
be applied in the viscous sub-layer. In this approach, the computation is divided into two 
layers: in the layer next to the wall, the turbulent dissipation rate ε and the turbulent 
viscosity μt are specified as functions of wall distance and these specified values are 
blended smoothly with the ones computed from solving the transport equation far from the 
wall. As concern the governing equations for this model, several formulations has been 
proposed by Wolfstein, Xu and Norris: for a detailed explanation, refers to the 
correspondent literature or in alternative to STAR-CCM+ User guide. 
The application of the K-Epsilon turbulence model in STAR-CCM+ requires the definition 
of the K and ε values at the inlet and outlet boundaries. These parameters are linked to the 
turbulent intensity I and the turbulent length scale l, which are difficult to calculate directly 
for general flows. For this reasons it is necessary to consider some approximation of the 
flow, such as the one of the fully developed turbulent flow in a pipe, in which it is possible 
to correlate the previous parameters to physical characteristic of the problems: in 
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particular, the turbulence intensity is correlated to the hydraulic Reynolds number (i.e. the 
Reynolds numbers calculated considering the hydraulic diameter of the pipe) and the 
turbulent length scale to the hydraulic diameter. It is important to note that the model used 
for the flow (i.e. the turbulent developed flow in a pipe), although rigorously applicable 
with high Mach numbers (i.e. M > 5 ∙ 106 ) and therefore only in the nozzle extension, can 
be considered a good approximation for the characterization of the entire flow in the 
Vulcain 2 engine. 
The formulas used for the calculation of the turbulent kinetic energy K and the turbulent 
dissipation rate ε in the CFD model of the Vulcain 2 engine are listed below: 
TURBULENCE INTENSITY 
𝐼 =
𝑢′
𝑈
 
where u’ is the Root-Mean-Square (RMS) of the turbulent velocity fluctuations and U is 
the mean velocity. For fully developed pipe flow, the turbulence intensity at the core can 
be estimated using the following equation (1): 
 
𝐼 = 0.16 𝑅𝑒𝑑ℎ
−1/8
 
 
where Redh  is the Reynolds number based on the pipe hydraulic diameter dh and is given 
by the equation (2): 
 
𝑅𝑒𝑑ℎ =  
𝜌 ∙ 𝑈 ∙ 𝑑ℎ
𝜇
 
 
TURBULENT ENERGY 
The turbulent energy K can be computed with the equation (3): 
𝐾 =  
3
2
 (𝑈 ∙  𝐼)2 
Where U is the mean flow velocity and I is the turbulence intensity. 
 
DISSIPATION RATE 
The turbulent dissipation rate ε can be obtained using the equation (4): 
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𝜀 =  𝐶𝜇  ∙  
𝐾3/2
𝑙
 
where Cμ is a turbulence model constant, usually equal to 0.09, and l is the turbulent length 
scale. 
The turbulence length scale is a physical quantity describing the size of the large energy 
eddies existing in the turbulent flow. As previously discussed, in fully developed pipe 
flows this parameter is correlated to the hydraulic diameter through the equation (5): 
𝑙 = 0.038 𝑑ℎ 
where the hydraulic diameter is calculated using the equation (6): 
𝑑ℎ =  
4 𝐴
𝑃
 
in which A is the cross section and P is the perimeter (in the case of a circular pipe the 
hydraulic diameter coincides with the one of the pipe). 
As concern the turbulence parameters of the Vulcain 2 engine, they have to be computed 
both at the inlet section and at the outlet section. For the inlet section, the hydraulic 
diameter has been calculated considering a usual value of 3 for the ratio between the 
combustion chamber cross sectional area Ac and the throat one: in this way, knowing the 
throat diameter, the combustion chamber diameter has been obtained through (6) and is 
equal to 0.948 m. Considering a Mach number equal to M = 0.2 in the combustion 
chamber and using the definition of sound speed (𝑎 =  √𝛾 ∙ 𝑅 ∙ 𝑇, where γ = 1.33 for the 
combusted air, R = 287.1 m2/(s2∙ K) and T = 3523.15 K), a velocity U equal to 232 m/s has 
been estimated. Substituting these values in the equation (2) and considering the cinematic 
viscosity ν = μ/ρ equal to the one of the air at the combustion chamber conditions, i.e. ν = 
9.6 ∙ 10-6 m2/s, the Reynolds number has been calculated and, using sequentially all the 
formulas previously indicated, K and ε have been calculated. The results of the 
intermediate calculations are summarize in Table A.1. 
 
Redh 2.2 ∙ 107 
I 0.019 
K (J/kg) 29.85 
l (m) 0.036 
ε (J/ kg∙s) 407.74 
 
Table A.1 - Turbulence calculations at the inlet section of the Vulcain 2 engine 
K-Epsilon turbulence model 
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For the exit section, the hydraulic diameter considered is the one of the exit section of the 
nozzle (i.e. 2.1 m) while the velocity U is considered equal to 4000 m/s (from EADS 
Astrium); the cinematic viscosity ν = 6 ∙ 10-5 m2/s has been calculated considering the one 
of the air at pressure equal to 54019 Pa (this is the pressure at 5000 m and it has been 
supposed that the nozzle is perfectly expanded at this altitude) and a temperature of 1000 
°C. Therefore, applying sequentially the previous formulas, K and ε have been calculated; 
the results of the intermediate calculations are summarize in Table A.2. 
 
Redh 1.4 ∙ 108 
I 0.015 
K (J/kg) 5648.3 
l (m) 0.0798 
ε (J/ kg∙s) 478760.6 
 
Table A.2 - Turbulence calculations at the exit section of the Vulcain 2 engine 
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Appendix B 
Extraction of load history from FFT 
 
This appendix explains a method, alternative to the one detailed in chapter 4, to extract the 
load history necessary for dynamic analyses of the Vulcain 2 nozzle structure. The 
procedure here described requires the use of the software MATLAB to derive time-
periodic laws for the loads, starting from the FFT diagrams of the corresponding forces 
acting on the external surface of the nozzle, i.e. drag, lateral Y and lateral Z forces (while 
for the internal surface constant loads have been considered, cf. subparagraph 4.3.3). The 
last two steps required to run the dynamic analysis consists in the calculation of the 
pressure history, dividing the previously obtained laws by the total external area 
(nevertheless supposing in this way uniformly distributed pressures, cf. subparagraph 
4.3.3), and in the insertion of the so derived time-periodic laws in the Periodic Amplitude 
section of ABAQUS Load module: these two operations will not be detailed in this thesis 
and, as concerns the Periodic Amplitude section, refers to [20] for the complete procedure 
that has to be performed in this case. 
 
B1. MATLAB procedure  
The script used for the analyses of this appendix has been developed by Ing. Gianpietro    
Di Rito of DIA (Dipartimento di Ingegneria Aerospaziale of Pisa University). For a better 
understanding of the key-steps of the MATLAB procedure, this last one will be applied in 
the case of the drag force at α = 1°: obviously, to perform a complete dynamic analysis at a 
given flight condition, will be necessary to repeat the previous one for each force acting on 
the external envelope of the nozzle. 
First of all, the values of the drag force at the various time steps and of the same time 
intervals (calculated through the command Tabulate in the corresponding drag Plot of 
STAR-CCM+ unsteady simulations and then collected in the Excel file 
fft_dragnozzle_alfa1) have been imported in MATLAB, creating in this way two 1220 x 1 
matrices (Fig. B1). The next step has been consisted in the use of these data (saved in the 
file dragnozzle_alfa1.mat) as input parameters for the following script (the input and 
output data are in violet while the comments for the various key-steps are in green):  
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Creation of the signal to be analyzed % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% timedrag=xlsread('fft_dragnozzle_alfa1.xls','A2:A1221'); 
% forcedrag=xlsread('fft_dragnozzle_alfa1.xls','B2:B1221'); 
% save dragnozzle_alfa1.mat 
  
load dragnozzle_alfa1.mat 
t=timedrag; 
y=forcedrag; 
  
figure, 
plot(t,y),xlabel('Time [s]'),legend('Measured signal',4)              
  
indexstart=find(t>=1);                                               
t=t(indexstart)-t(indexstart(1)); 
y=y(indexstart); 
y=y-mean(y);                                                          
int=t(2)-t(1);  % Temporal step of acquisition of the signal [sec]   
  
figure, 
plot(t,y),xlabel('Time [s]'),legend('Analysed signal',4)             
  
%%%%%%%%%%%%%%% 
%FFT Analysis % 
%%%%%%%%%%%%%%% 
Yfft=fft(y);                             
amp=abs(Yfft)*2*int/t(end);         % Calculation of the amplitude of the       
in-frequency components 
pha=angle(Yfft);                    % Calculation of the phase of the in-
frequency components 
ffft=[0:1/t(end):1/int];          % Construction of the vector of the 
frequencies 
indexfft=find(ffft<1/(3*int));     % Reduced vector of the frequencies 
(1/2) 
ffft=ffft(indexfft);               % Reduced  vector of the frequencies 
(2/2) 
ampfft=amp(indexfft);                % Reduced vector of the amplitudes 
phafft=pha(indexfft);                % Reduced vector of the phases 
 
  
indexmod=find(ampfft>=1.75e-3); 
fmodfft=ffft(indexmod); 
ampmodfft=ampfft(indexmod); 
phamodfft=phafft(indexmod); 
  
figure, 
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subplot(211),semilogx(ffft,ampfft,fmodfft,ampmodfft,'ro'),ylabel('Amplitu
de'),title('FFT'),axis([1/t(end)  ffft(end)  0   max(ampfft)]), 
subplot(212),semilogx(ffft,phafft*180/pi,fmodfft,phamodfft*180/pi,'ro'),x
label('f [Hz]'),ylabel('Phase [deg]'),axis([1/t(end)  ffft(end)  -200   
200]), 
  
trec=[0:1e-4:t(end)]; 
for j=1:length(fmodfft) 
    ymodefft(:,j)=ampmodfft(j)*cos(2*pi*fmodfft(j)*trec+phamodfft(j));   
% Reconstruction of the components of the signal for dynamic analysis  
end 
for i=1:length(trec) 
    ymodalfft(i)=sum(ymodefft(i,:));                                      
% Reconstruction of the signal for dynamic analysis 
end 
  
figure, 
plot(t,y,trec,ymodalfft),xlabel('Time [s]'), 
legend('Analysed signal','FFT-based reconstructed signal',4)                      
% Comparison between analysed and reconstructed signals 
  
save modaldata.mat fmodfft ampmodfft phamodfft 
 
 
 
Fig. B1 - Snapshot of the MATLAB input matrices for the drag and the corresponding time steps at α = 1° 
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The “real” time history of the drag (i.e. the one obtained from the data previously loaded) 
have been plotted in Fig. B2 (refers to Measured signal in the script). Then it has been 
considered only the signal beginning from 1 s (with the aim of eliminate the initial 
transient and analyse only the real “modal” response) and it has been subtracted its mean 
value (which has to be added as constant load in ABAQUS) in order to obtain its 
fluctuating component. As for the temporal step of acquisition of the signal, a ∆t = 5 ms 
has been considered for this analysis (corresponding to a frequency range of 200 Hz). Fig. 
B3 shows the signal obtained from the previous operations (Analysed signal in the script), 
moved to 0 s (from 1 s). 
 
 
  
 
 
 
 
 
 Fig. B2 - Plot of the “measured” signal 
Fig. B3 - Plot of the “analysed” signal 
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The next step in the MATLAB procedure has been consisted in the FFT analysis in which, 
starting from the FFT of the “analysed” signal, the amplitude, phase and frequency vectors 
have been calculated. In order to simplify the analysis, it has been decided to consider only 
the frequencies below 200/3 Hz ≈ 66.67 Hz (even if, on the base of Nyquist theorem, it 
would be also possible to consider frequencies below 100 Hz) and, in this range, only the 
frequencies with a fluctuating amplitude above 1.75∙10-3 (imposed as threshold value for a 
mode considered “predominant”): these simplifications, identified in the previous script as 
indexfft and indexmod respectively, have been used to draw the plots of Fig. B4 - which 
shows the “predominant” frequencies selected (red circles) and their amplitude and phase 
values in the complex plane - and therefore to calculate the frequency, amplitude and phase 
vectors (named respectively fmodfft, ampmodfft and phamodfft in Fig. B5). 
 
 
Fig. B4 - Plots of the amplitude and the phase associated with the “predominant” selected frequencies  
 Extraction of load history from FFT 
 
 
 
 
174 
 
  
 
Fig. B5 - Snapshot from MATLAB of the extracted frequency, amplitude and phase vectors 
 
To this point, using the amplitude and phase vectors previously calculated and considering 
the trigonometric representation of a complex number, it has been possible to write a time-
periodic sinusoidal function of the type below: 
trec=[0:1e-4:t(end)]; 
for j=1:length(fmodfft) 
    ymodefft(:,j)=ampmodfft(j)*cos(2*pi*fmodfft(j)*trec+phamodfft(j));   
% Reconstruction of the components of the signal for dynamic analysis  
end 
for i=1:length(trec) 
    ymodalfft(i)=sum(ymodefft(i,:));                                      
% Reconstruction of the signal for dynamic analysis 
end 
 
where ampmodfft, fmodfft and phamodfft are the ones of Fig. B5, trec gives the time 
interval (in this case equal to 10-4 s) between two consecutive calculated points of the 
ymodefft function (in the temporal domain [0: t(end)]) and ymodalfft represents the overall 
“reconstructed” signal, sum of the ones associated to the “predominant” frequencies 
previously selected.  
Fig. B6 compares the sinusoidal “reconstructed” signal from FFT (named FFT-based 
reconstructed signal) with the random original one (that is the Analysed signal) while     
Fig. B7 is a detail of the previous figure: from this last, it possible to see the good 
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agreement between the previous two signals and therefore the goodness of the 
approximations considered for the calculation of the FFT-based reconstructed signal. 
 
Fig. B6 - Comparison between the original signal and the “reconstructed” one 
  
 
Fig. B7 - Detail of the signals from Fig. B6 
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